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The  particle  does  not  return  to  the  point  from  which  it  started  but 
experiences  a drift  in  the  direction  perpendicular  to  the  gradient 
of  the  field,  V B . The  motion  id  quite  similar  to  the  F X B drift 
except  that  the  trajectory  in  this  case  is  not  truly  cy c loidal  — the 
guiding  center  "wobbles"  about  a straiglit  line  perpendicular  to 
(Reference  4).  The  calculated  drift  velocities  are  onlv  approximate. 
Their  accuracy  becomes  poc-er  as  the  scale  of  the  fie:d  variation  ap- 
proaches the  gyro  radius.  The  gradient- B drift  velocity  to  first  order 
in  7 j_  B (References  4 and  22)  is 


Pf  V , B X B 

O 2 „2 

2y  m UJ  B 
c 


(3-36) 


The  g“adient-B  drift  and  curvature  drift  velocities  may-  be  combined 
in  on  • expression: 
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The  total  drift  velocity  of  Equation  3-37  often  is  called  the  gradient- B 
drift  velocity.  For  simplicity,  it  will  be  thus  designated  throughout 
the  remainder  of  this  volume. 


In  the  geomagnetic  field  that  decreases  with  1/r  , the  drift  veloc  ty 
is  proportional  approximately  to  L,^  . The  drift  velocity  in  the  azi- 
muthal direction  at  any  latitude,  X . is 


/,y  2 \ 

2 

2 5 

' Pi  2 \ 

3c  L 

(1  + sin  X)cos  X 

■ (3-38a) 
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At  the  equator  where  sin  X - 0,  the  latitude -dependent  part  of  Equation 
3-38  equals  1,  and  the  drift  velocity  (eastward)  for  electrons  becomes 
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V^(km/sec)  = 14.  7f.  + 2p^  ^ ^ = 3.  86^— | + 2— . 

(3-38b) 

The  corresponding  drift  velocity  (westward)  for  protons  is 

2 / v^\ 

V (krn/sec)  = -8.04  X 10  ^p^  + 2p^^^-^  -708o( — ^ + 2 — 2)^^ 


(3-39a) 


which  in  the  nonr elativistic  limit  is 


V (km/sec)  ~-15.1(T  +2T,,)—  . 

c X " y 


(3-39b) 


Momentum  here  is  in  MeV/c  units  and  energy  in  MeV.  For  rela- 
tivist.o electrons,  the  magnitudes  of  the  energy  "components"  may 
be  used  n place  of  the  momentum.  In  Equations  3-39a  and  3-39b, 

a positive  velocity  results  when  the  drift  motion  is  toward  the  east.  ■ . 

Electrons  generally  drift  toward  the  east  and  positively  charged  , " \ ■. 

particles  drift  toward  the  west.  ' 

The  gradient- D drift  current  induces  a magnetic  lield  that,  inside  -i 

a region  enclosed  by  the  path  of  the  guiding  center,  opposes  the  main 
field  of  the  earth.  The  drift  current  may  be  thought  of  as  a diamag- 
netic current  (Section  3.3.2;  References  1 and  20). 

'>■ 

Fhe  gradient- B drift  is  much  faster  than  the  gravitational  drift 
for  electrons  and  fast  protons.  The  mean  of  iv^^/Z  + vn^)  for  iso- 
tropically distributed  thermal  particles  is  3 kT/m  . k is  Boltzmann's 
constant  1.  38  x 10"  cgs,  and  T is  the  temperature  (Reference  2). 

The  mean  drift  velocity  of  thermal  particles  at  the  equator  due  to  the 
nonhomogentitv  of  the  field  is 

-9  2 

V (km/sec)  ar  4x10  TL  . (3-40) 

g 


A mean  temperature  of  about  2,000°K  appears  to  be  a fair  assumption 
for  both  electrons  and  10ns  in  the  trapped  ••adiation  belts  (References 
23  through  27).  The  Jn‘’t  \elocity  of  thermal  partic  les  then  is 

V (kn- ==  8x  IC'^  , (3-c<il 
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which  is  comparable  with  the  gravitational  drift  velocity  of  protons 
(Equation  3-32). 

3.3.2  Magnetic  Reflection 

Generally,  a no.ihomogeneous  magnetic  field  has  regions  where 
the  field  lines  corverge.  In  those  regions,  the  magnetic  force 
(q/c)v  X B has  a small  component  directed  along  the  field  lines. 

This  component  tends  to  deflect  a charged  particle  away  from  a re- 
gion of  increasing  field  strength. 

The  magnetic  force  components  are  depicted  in  Figure  3-9.  The 
relative  magnitudes  of  the  force  components  are  variable.  Usually 
the  centripetal  force  is  the  major  part  of  the  magnetic  force.  Whe 
the  retarding  force  along  the  field  lines  is  relatively  weak,  the  equa- 
tion of  motion  yields  an  acceleration  (or  deceleration)  in  the  field 
direction  B (References  4 and  21); 


Figure  3-9.  Components  of  the  force  acting  on  a positively  charged  particle 
in  a converging  magnetic  field. 
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2 

llli  2.  . ILl^  (3-42a) 

dt  2 yB  dS 


to  first  order  in  the  variation  of  B with  distance  S along  the  field 
line.  The  similarity  to  the  drift  velocity  Equation  3-37  especially 
should  be  noted.  Here,  too,  gravitational  effects  are  comparable 
with  the  fiel'’  i nhomogen-.-ity  effects  for  thermal  velocity  protons. 


The  radial  component  of  the  equation  of  motion  reduces  to; 


V V 

dv^  ^ i 

dt  ~ 2 y B d S 


(3-42b) 


But  V|.  dB/dS  is  just  the  time  rate  of  change  of  magnetic  field  in- 
tensity as  experienced  by  a spiraling  particle.  Equation  3-42b, 
therefore,  yields  the  simple  relation; 

vx^  “ B . (3-43) 

Charged  particles  in  a converging  magnetic  field  travel  toward 
the  ' ends"  of  the  field  only  as  far  as  the  turnaround  or  mirror  points 
(Reference  1)  where  Px^  is  equal  to  p2  , the  total  momentum  squared. 
This  definition  of  the  turnaround  points  is  not  in  exact  accord  with 
Section  3.2.3.  For  all  practical  purposes,  the  turnaround  point  is  re- 
garded simpl/  as  the  location  where  there  is  no  component  of  mo- 
menbim  along  the  general  direction  of  the  field.  To  avoid  confu- 
sion, the  term  mirror  point  will  be  used  here  except  when  the 
specific  meaning  of  Section  3,2.  3 is  intended. 


If  the  magnetic  field  is  c losed  at  two  ends,  charged  particles  will 
continue  to  "liouncc  " back  and  forth  until  they  either  lose  energy  or 
are  dcflect'-<l  by  some  external  process.  Figure  1-3  shows  how 
charged  partiidos  move  in  tlie  earth's  field  (ignoring  drift  motion). 


It  IS  convenient  to  define  the  pitcli  angle  Q(p  as  the  angle  between 
the  particUFs  momentum  and  the  magnetic  field  (some  of  the  early 
literature  on  magnetic  trapping  refers  to  the  pitch  angle  as  the  com- 
plement of  the  angle  defined  here),  d'he  pitch  angle  is  indicated  in 
Fi,;;ares  1-3  and  3-9.  Equation  3-43  is  equivalent  to  a simple  rela- 
tion which  gives,  at  any  point,  the  pitch  angle  variation  in  a magnetic 
field: 
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Equation  3-44  is  presented  name  ically  in  Figure  3B-1.  B,,-,  in  the 

field  strength  at  the  rtiirror  point.  The  pitch  angle  attains  its  ;nini- 

mum,  Ct  , at  the  equator.  A smallest  allowed  £jr  , the  cutoff  pitch 
o * o * — 

angle,  exists  for  any  field  line.  Particles  with  smaller  pitch  angles 

would  be  lost  rapidly  because  they  penetrate  deeply  into  the  at.mo- 

sphere  (References  Z8,  29,  and  3C'i.  The  cutoff  pitch  angle: 


a 

c 


arc  sin 


,'B  /B 


atmosphercj 


is  plotted  in  Figures  3B-3  and  313-4, 


(3-45) 


THE  MAGNETIC  MOMENT  OF  A CHARGED  PARTICLE.  The 
proportionality  of  p and  B ensures  that  the  magnetic  flux 
within  an  orbit  remains  constant.  This  resu't  c;-  i be  shown  to  be 
true  generally,  even  in  a magnetic  field  that  varies  with  time  (Ref- 
erence 21).  Charged  particles  behave  as  a diamagnetic  medium  — 
their  motion  induces  a magnetic  field  in  opposition  to  *'ie  externally 
applied  field  (References  1,  20,  31,  and  32).  T'  c pioduct  of  the  area 
enclosed  by  the  orbit  multiplied  by  the  current  around  the  perimeter 
is  the  magnetic  moment  of  a single  gyrating  particle.  The  magnetic 
moment  of  a charged  particle  in  a magnetic  field: 


M ^ 


2i-rB 


2m  B 


in 


(3-46) 


is  a constant  if  Equation  3-43  is  valid.  The  ene  rgy -dependent  factor 
in  the  latter  equation  is  plotted  in  F’igure  313-7. 


THE  BOUNCE  AND  DRIFT  PERIODS.  The  total  time  elaose.d  be- 
tween successive  reflections  of  a trapped  particle  is  the  bounce  period: 
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4 /"'bni  d.S 


V J cos  0: 

o p 
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— 3 (Q  ) 

V o 


(3-47) 


A quite  satisfactory  empirical  approximation  (with  errors  of  less  than 
1 percent)  for  piarticlf  s trapped  in  the  geomagnetic  field  (Reference  33) 
is 

t,  (sec)  ea  0.  177  — [1  - 0.4635(sinOt  ) _ (3-‘^8) 

b v/c  o 

It  is  often  more  convenient  to  replace  the  exponent  of  the  sin  o term 
by  0.  75;  in  that  case  the  accuracy  at  large  pitch  angles  is  improved 
with  a slight  sacrifice  of  accuracy  at  moderate  pitch  angles.  Bounce 
periods  are  generally  several  orders  of  magnitude  greater  than  the 
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gyro  periods  (aslO*^  second  versus  sslO"^  to  10"^  second,  respectively, 
for  the  trapped  electrons).  Computed  bounce  periods  are  shown  in 
Figures  3B-10  through  3B-IZ. 


Because  it  varies  along  a geomagnetic  field  line,  the  azimuthal 
drift  velocity  (Equations  3-38  and  3-39)  must  be  averaged  over  a com- 
plete bounce  period.  The  average  drift  velocity  has  been  computed 
and  tabulated  by  several  workers,  particularly  Lew  (Reference  34). 

At  the  equator  the  average  is  given  quite  well  by  the  empirical  for- 
mula (which  agrees  with  computed  values  within  0.5  percent)  (Refer- 
ences 33,  34,  35,  and  36). 


V « ^ 

a eB„R, 


L*"  E(-)  /(I  - 0.3333  (sinO  ) . 

c o ■' 


(3-49) 


The  drift  period  is  the  time  taken  for  drifting  particles  to  tiiake  a 
complete  circuit  of  the  earth;  Equation  3-49  gives 


Zff  eI3  R ^ 
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1 0 
y [1  - 0.3333(sinQ  ) ' ”'l 

LV(v/c)'’  ° 


(3-50a) 


for  electrons: 


2 TT  e B il  , 
E E 


1.55V  10  second 


(3-50b) 


and  for  protons; 


Si  8 . 4 8 1 s e cond . 


(3-50c) 


Drift  periods  are  generally  several  orders  of  magnitude  greater 
than  bounce  pei.ods.  The  computed  values  are  shown  in  Figures 
3B-  10.  3B-  1 1 , and  3B-  1 3. 


3.3.3  The  Motion  of  Field  Lines 

If  charged  particles  gyrating  in  a magnetic  field  are  to  maintain  a 
constant  magnetic  moment  during  changes  in  the  field  strength,  their 
kinetic  energies  also  must  change.  Energy  normally  is  not  exchanged 
between  a static  magnetic  field  and  charged  particles.  However,  a 
variable  magnetic  field  induces  an  electric  field  that  can  accel- 
erate charged  particles.  The  induced  electric  field  E^  is  given 
by  Faraday's  law,  which  states  that  the  integral  d)  E;  • ds  taken 
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(often  written  with  a subscript,  i.e.  , or  Jjomnjj  )•  The  omnidirec 
tional  flux  is  just  times  the  intensity  averaged  over  all  angles. 
The  omnidirectional  flux  should  not  be  confused  with  the  net  flux: 


/ , j cos  C d f* 

■'[all  angles] 


(3-86) 


which  is  the  rate  per  unit  area  at  which  particles  cross  a plane  sur- 
face; (J  is  the  angle  between  the  velocity  vector  and  the  normal  to  the 
surface,  dfl  is  the  increment  of  solid  angle.  The  flux,  F,  can  be 
negative  or  positive,  depending  on  whether  inore  particles  cross  the 
surface  from  one  side  or  the  other.  With  regard  to  the  trapped 
particles,  F has  a meaning  only  when  referred  to  a solid  detector 
surface,  otherwise; 


, f \ 

F = Z'fcos^  j ji'M)  pdM 


(3-87) 


where  is  the  angle  between  the  field  line  and  the  normal  to  the 
su  rface . 

V 

Since  J is  a function  if  B,  it  also  may  be  regarded  as  a function 
ot  -Dq/B  . With  the  aid  of  Liouville's  equation  (Equation  3-82), 

the  omnidirectional  flux  can  be  written  as  an  integral  involving 
the  equatorial  intensity  j (li  , - j(/i  , B ) ; 


, 1 
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(3-88al 
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( 3-8Ki): 


The  inverse  relation  that  yields  j as  a function  of  J cannot  be  written 
in  a closed  form  except  for  certain  special  cases.  For  a pitch-angle 
distribution  of  the  form 
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the  omnidirectional  flux  is 


J = ZffC 


r' , 1 , n,  , tc. 

F(1  +7)  (u  . u ) 
c o 


n|  4 f ) 


n/2  + 1/2 
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1/2 


(3-89b) 


The  distribution  Equation  3-89b  is  particularly  useful  because  it 
approximates  the  steady-state  solutions  of  a pitch -ac.p le  diffusion 
equation  (see  Chapter 


Detailed  solutions  of  the  relation  of  j to  J are  available  (Refer- 
ences 61  and  62  ; a computer  code  which  perfornis  the  integration  is 
listed  in  Appendix  30. 


3.6  HYDROMAGNETiC  MODEL  OF  A PLASMA 

3.6.1  Collisions  Between  Charged  Particles — 

Collective  Behavior 

In  any  ensemble  of  particles,  collisions  occur  between  i^arlicles. 
These  result  in  transfer  of  momentum.  The  electrostatic  forces 
between  charged  particles  decrease  slowly  as  the  ir.utual  separation 
increases.  Therefore,  where  a plasma  is  relatively  tenuous,  the 
most  important  interactions  are  between  charged  particles.  The 
interaction  forces  between  charged  particles  become  negligible  only 
beyond  the  Debye  length  or  Debye  shielding  rad iu.s ; 


number  density  of  "thermal"  electrons.  The  shielding  of  electrostatic 


forces  is  due  to  thermal  fluctuations  in  the  free  electron  gas  (Ref- 
erences 1 and  21.  The  effective  temperature  of  the  free  electrons, 
the  electron  temperature  T^  , therefore  should  be  expected  to  appear 
in  the  Debye  length  formula.  The  electron  temperature  above  the 
atmosphere  is  about  1 , 500  to  2,  000  K (References  23  through  27), 
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which  results  in  ^ Debye  length  of 
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(3-90) 


The  Debye  length  in  the  lower  trapped  radiation  belts  is  about  Z to 
10  centimeters. 

The  number  of  particles  within  a sphere  of  radius  Debye 

spue  re , is  a measure  of  the  importance  of  collective  behavior.  When 
few  paiticles  occur  within  a Debye  sjihere,  each  particle  interacts 
only  with  its  nearest  neighbors.  But  when  each  particle  interacts 
simultaneously  with  thousands  of  other  particles,  any  perturbation  in 
the  particle  distribution  will  result  in  transient  electric  and  magnetic 
fields  that  are  felt  by  many  particles.  These  fields  true,  to  restore 
the  original  particle  distribution.  Oscillations  can  occur  as  in  any 
mechanical  system  where  restoring  forces  restrain  the  excursions 
from  equilibrium.  The  trapped  particle  belts  are  subject  to  a wide 
variety  of  oscillation  phenomena.  Oscillations  and  waves  in  the 
magnetosphere  are  discussed  briefly  in  Section  4.  A systeriatic 
treatment  of  oscillations  in  ionized  gases  demands  more  space  than 
is  available  here.  For  further  reading,  see  e.specially  References 
Gi  and  64. 


3.6.2  Boltzmann's  Equation 

It  is  advantageous  to  treat  the  behavior  of  a plasma  statistically 
through  the  evolution  of  a distribution  function  f.  Liouville's  equa- 
tion must  be  modified  to  take  account  of  inte  r pa  rticle  collisions  and 
nonconservation  of  f.  The  generalization  of  L.iouville's  equation  is 
Boltzmann's  equation  (References  ZO,  65,  66,  and  75): 


— p • ? f • 

F ■ 

V f - ( 

Hi 

ym  ^ 

p ' 

(3-91) 


collisions  ] 


The  notation  Vp  has  been  used  to  denote  the  gradient  (c/dp|  , d/dp^  ■ 
B/Bp^)  in  momentum  space.  Considering  the  strictly  relativistic 
Boltzmann  equation  usually  is  not  necessary,  .Most  of  the  particles 
in  the  radiation  belts  have  velocities  not  significantly  greater  than  the 
thermal  speed.  Throughout  the  remainder  of  this  •-ection,  the  momen 
turn  is  replaced  by  mv  . 

Boltzmann's  equation  in  the  absence  of  collisions  is  entirely  equi- 
valent to  the  orbit  equations  of  Sections  3.  Z and  3.  3 (References  ZO, 
40,  and  41  ). 
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MOMENTS  OF  BOLTZMANN'S  EQUATION,  Boltzmann  s equation 
can  be  approximately  solved  if  fluid-like  equation.s  are  constructed  by 
means  of  an  averaging  procedure  (References  1,20,  and  40).  Two 
important  quantities  are  the  numbe r dens itv: 

n^  = j ff  f,^  (x,v,t)  d^v  (3-92) 

and  the  streaming  velocity: 

j' ^ r (x,  V,  t)  V d^v  <v^  (3-93) 

k 

of  particles  of  species  k.  These  may  be  regarded  as  moments  of  the 
distribution  function  weighted  by  powers  of  v.  Another  useful  moment 
is  the  stress  tensor  or  pressure  tensor: 

^k=  % ^k 

Dyadic  notation  has  been  employed  for  the  tensor  P (Reference  67). 
Another  way  of  writing  P is  in  terms  of  the  components’ 


P..  = nm  <v.vS  - nm  <v> 

ij  i / i'  )' 

The  first  momeqt  of  Boltzmann's  equation  (averaged  over 
is  the  equation  of  continuity: 


(3-95) 

J'JI 


dn 

+ V ■ 

n,  U,  ::  0 

(3-96) 

at 

k k 

which  guarantees  that  particles  are  conserved. 


The  second  moment  of  Boltzmann's  equation  (averaged  over  ^ : I vd  . v) 
is  the  momentum  conservation  equation: 


\ • Vk  (^  • c V“)  * ’ ■ ■ 

(3-97) 


The  effects  of  collisions  between  different  types  of  particles  are  com- 
bined in  the  term  F^.. 
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The  third  moment  is  of  less  immediate  interest.  It  describes  the 
transfer  of  energy  and  is  somewhat  analogous  to  a heat-transfer 
equation  (Reference  20). 


3.6.3  Hydromognetic  Equations 


The  similarity  of  Equations  3-96  and  3-97  to  the  equations  of  hydro- 
dynamics is  obvious.  A plasnia  often  can  be  censidered  as  a continuous 
fluid  in  which  the  total  mass  velocity  (or  average  streaniing  velocity)  is 


n.  m,  u 
k k k 


(3-98) 


The  density  P vs  the  sum  of  all  's.  The  electrical  current 

density  (in  emu)  is 


J 


"kVk 


— f.  E (n.  Z.)  u.  - E n u 
c lions  111  electrons  e e 


(3-P9) 


+ Z.e  is  the  total  charge  on  an  ion.  When  the  Boltzmann  equations  '‘or 
.ilectrcns  and  ions  are  combined,  the  result  is  the  hydromapnetic  equa - 
tions  (References  1,  20,  38,  40,  41,  and  42)  or  magnetohyd rodynamic 
equations . The  mechanical  force  equation  is 


Equation  3-100  is  still  recognizable  as  the  basic  equation  of  motion 
of  a fluid.  Equation  3-101  has  been  called  Ohm's  law  because  of  its 
similarity  to  the  conventional  Ohm's  law  for  a conductor.  The  last 
term  or  the  right  in  Equation  3-101  contains  all  the  effects  of  collisions 
between  positive  and  negative  particles.  The  proportionality  of  this 
term  to  J does  not  follow  directly  from  Boltzmann's  equation,  but 


i ' % > 
!■'  / 


3-41 

J 


2 December  1974 


rather  frorr.  the  assumption  that  the  momentum  exchange  between  un- 
like particles  should  be  proportional  to  their  relative  velocities 
(Reference  1).  The  constant  of  proportionality  1 / (T  is  called  the  elec- 
trical  resistivity  because,  in  a uniform,  steady  state  plasma  with  no 
magnetic  fields,  Equation  2-121  reduces  to  the  familiar  form  of  Ohm's 
law.  The  inverse  of  electrical  resistivity  is  the  electrical  conductivity 
The  conductivity  is  approximately 

2 


2 

m c p 
e c 


(3-102) 


where  represents  the  frequency  of  collisions  between  electrons 
and  ions  (References  1,  68,  and  69). 

FIELD  EQUATIONS.  A contimiity  equation  for  electrical  charge 
follows  immediately  front  Boltzmann's  equation.  It  is  (Reference  1) 
the  charge  conservation  equation: 


— -r  C 7 • J = 0 , 

(3-103) 

at 

The  localized  excess  charge  density  is 


° -- 


(3-104) 


The  diamagnetism  of  a plasma,  mentioned  in  Section  3.  3.  3,  is  a 
general  result  which  makes  possible  including  the  gyro-motion  part  of 
the  current  in  the  total  magnetic  field.  Maxwell's  equations,  which 
describe  the  electric  and  magnetic  fields  of  a plasma,  are  then 
(References  1 and  70) 
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The  units  of  these  equations  are  discussed  in  ppendix  3A’,  J is  only 
that  part  of  the  current  due  to  the  relative  motion  of  different  com- 
ponents of  the  plasma.  The  appropriate  measure  of  the  maKiietic  field 
is  B , which  here  i.'.  called  the  mattnetic  field  intens  ity.  (il  conventionally 
is  referred  to  as  the  flux  density  or  maunetic  induction . The  designa- 
tion magnetic  intens  ity  or  field  strength  conventionally  is  reserved  for 
M - B/(permitivity).)  The  magnetic  moments  of  individual  particles  are 
included  in  B,  which  is  the  field  that  would  be  measured  at  any  point. 

SOLUTIONS  OF  THE  H YDROMAGNETIC  EQUATIONS.  A com- 
plete description  of  a plasma  requires  one  more  equation  — an  equation 
of  state  relating  n^  and  P.  Employing  a simplified  equation  of  state 
usually  is  sufficie.nt  and  desirable;  in  the  trapped  radiation  belt,  ng 
can  be  assumed  nearly  independent  of  P. 

The  dyn.imics  of  a plasma,  including  flow  and  'vave  motions,  can 
be  treated  by  methods  .similar  to  those  developed  for  the  solution  of 
problems  in  classical  hydrodynamics  (References  38  and  71).  A 
special  con'plication  of  hydrdniagnetics  is  that  the  prdssure  is  a tensor 
(References  40,  41,  and  42),  This  meatts  that  motion  along  the  mag- 
netic field  direction  is  not  simply  related  to  the  transverse  motion,  nor 
does  the  motion  along  the  field  co  r res  pond 've  ry  well  witb  the  motion  of 
a massive  fluid.  Only  for  waves  and  flow  transverse  to  the  magnetic 
field  is  the  hydrodynamic  analogy  er.tirely  valid. 

' TRANSVERSE  DRIFT  Cl.'RRENTS.  A rather  confusing  aspect  of 
Equation  3-101  is  that  i.  does  not  predict  a steady  current  due  to  a 
gradient  in  the  magnetic  field  strength  (as  in  Equation  3-37).  This 
dr, ft  current  actually  is  contained  implicitly  in  the  pressure  gradient 
term.  If  VP  : 0,  the  density  of  guiding  centers  of  particles  drifting 
in  seme  arbitrary  direction  is  balanced  exactly  by  the  density  of 
guiding  centers  of  particle.!  drifting  in  the  opposite  rlirection.  How- 
ever, if  the  plasma  is  of  finite  extent  or  has  a region  in  which  V P is 
finite,  it  is  pos.sible  for  a current  to  flow  (Reference  1). 


3.6.4  Electrical  Conductivity  Tensor 


When  pleasure  gradients  can  be  ignored,  the  Ohm's  law  equation 
(Equation  3 101)  resembles  the  conventional  Ohm's  law  in  that  J and 
E appear  only  linearly,  although  they  may  be  in  different  directio.is. 

If  the  fields  and  current  have  parts  that  vary  sinusoidally  proportional 
to  real  part  (e^^'M,  the  time  derivatives  can  be  replaced  by 
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Equation  3-101  reduces  to  (Reference  2) 


rn  c _ _ — 

— iwJ  = E JXB  - - . (3-109) 

2 n e n 

n e e 

e 

The  current  and  electric  field  may  be  decomposed  into  vectors  parallel 
and  perpendicular  to  B = B^,  h B (e^^^): 

E = + Ej_  (3-110) 
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The  tensor  equations; 
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(3-113) 


are  identical  with  the  preceding  equations  and  usually  are  preferred. 
Note  that  no  universal  agreement  exists  on  the  choice  of  signs  in  the 
off-diagonal  {02)  components  of  a.  The  notation  here  is  perhaps  the 
more  frequently  used. 

CONDUCTIVITY  TENSOR  IN  AN  IONIZED  GAS.  Equations  3-109, 
3-110,  and  3-111  can  be  solved  readily  for  the  specific  electrical 
conductivity  Oq  , the  Pederson  conductivity  pj  , and  the  Hall  conduc  - 
tivity  O2  • The  total  current  is  the  sum  of  contributions  fron'  all 
types  of  particles.  The  total  conductivity  is  the  sum  of  ion  and  elec- 
tron contributions: 
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The  components  of  the  conductivity  tensor  (in  emu)  (References  72, 
73,  and  74)  are 
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The  frequencies  fj  and  f^  are,  respectively,  the  rate  of  collisions  of 
ions  with  neutral  particles  and  the  rate  of  collisions  of  electrons  with 
all  heavy  particles. 


The  conductivities  in  the  zero-frequency  limit  are 
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As  the  collision  frequency  becorne  negligible,  cTq  becomes  very  large 
whereas  (j^  and  cr^  approach  zero.  Tne  contribi  tion  of  each  component. 

( \ 


\ m OJ  / 

to  the  Hall  conductivity  ia  exactly  the  tame  as  would  be  given  by  the 
E X B drift..  The  total  Hall  current  is  zero.  The  current  trans- 
verse to  the  magnetic  field  must  be  equivalent  to  the  E X 5 drift  cur- 
rent. However,  in  a steady  state  (u)~0),  electrons  and  ions  drift 
together  so  hat  no  transverse  current  is  expected. 

The  actua.  direction  of  Hall  current  flow  defends  on  the  relative 
importance  o.'  two  terms.  With  the  sign  selected  here,  is  gen- 
erally positivJ  in  the  ionosphere  between  70  and  several  hundred 
kilometers  altitude  (References  27,  73,  and  74).  The  Hall  conduc- 
tivity in  tho  iof.osphere  ia  quite  large;  it  is  responsible  for  the  polar 
electrojets  — strong  currents  which  flow  across  the  geomagnetic 
field  lines  (Reference  73). 
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Figures  3B-10  and  3D  - 11  give  the  bounce  and  drift  periods  of 
trapped  electrons  and  protons,  respectively.  The  abscissas  are  the 
kinetic  energies.  Separate  curves  are  plotted  for  selected  values  of 
L»sRq/R£.  These  figures  were  constructed  for  particles  with  90- 
degree  equatorial  pitch  angles;  the  detailed  pitch-angle  variation 
can  be  found  in  Figures  3B-12  and  3B-13.  (The  guiding  center  approxi- 
mation and  trapping  conditions  break  down  at  very  high  energies  where 
the  bounce  and  drift  periods  become  comparable.  1 


Figure  3D- 12  shows  the  bounce  period  and  the  second  adiabatic 
invariant  as  functions  of  equatorial  pitch  angle.  The  bounce  period 
t(j  and  the  second  adiabatic  invariant  J contain,  respectively,  the 
integrals 


integrated  along  the  field  line  from  the  equator  to  the  mirror  point. 

The  factor  of  4 accounts  for  a complete  bounce  period  (Equations 
3-47  and  3-75).  These  integrals  are  shown  in  this  figure  (also  in 
Table  3B-1).  The  length,  S,  of  a field  line  v/ould  yield  a curve 
4S/Ro  falling  between  and  passing  through  zero-ordinate  at  a 90- 
degree  pitch  angle. 

The  complete  J integral  is 

J • K JP  = I.R„Jp 
o 

and  the  bounce  period  is 

t R -J/v  --  LR,,.S/v 
bo  E 

The  momentum  p and  velocity  v can  be  found  from  Figures  3H-G  and 
3D-7.  Any  of  several  units  may  be  employed  for  J , The  n-.ost  cotr.- 
mon  are  cgs  units  or  mixed  units — (McV/ci  cn..  or  (.MeV  C'  (earth 
radii).  A third  alternative,  .MeV  sec,  is  less  useful.  The  appropriate 
numerical  conversion  i.s  J(MeV  second)-  0.02  125  1 ,p(.Me  V , c ' . 

For  example ; A 1 - Me  V e lect  ron  has  a veloc  ity  2 . ,S  x I O^^centi  - 
meters  per  sf:cond  (Figure  3D-6).  If  the  equatorial  pitch  angle  is  30 
degrees  luicl  I,  ; 2,  the  ordinate  S i-s  4.  0 and  th.e  bounce  period  is  t|^ 
b . h ? X 10  x2.0x  4.02.H.;  1 0*^  - 0.  I second . '1  he  momenium  is 
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F igur es  3B-10  and  3D-11  give  the  bounc e and  drift  periods  of 
trapped  electrons  and  protons,  respectively.  The  abscissas  are  the 
kinetic  energies.  Separate  curves  are  plotted  for  selected  values  of 
L *53  Rq/Rj£;  . These  figures  were  constructed  for  p.articles  with  90- 
degree  equatorial  pitch  angles:  the  detailed  pitch-angle  variation 
can  be  found  in  Figures  3B-12  and  3B-13.  (The  guiding  center  approxi- 
mation and  trapping  conditions  break  down  at  very  high  energies  where 
the  bounce  and  drift  periods  become  comparable.) 


Figure  3B- 12  shows  the  bounce  period  and  the  second  adiabatic 
invariant  as  functions  of  equatorial  pitch  angle.  The  bounce  period 
tjj  and  the  second  adia'oatic  invariant  J contain,  respectively,  the 
integrals 


integrated  along  the  field  line  from  the  equator  to  the  mirror  point. 

The  factor  of  4 accounts  for  a complete  bounce  period  (Equations 
3-47  and  3-75).  These  integrals  are  shown  in  this  figure  (also  in 
Table  3B-1).  The  length,  S,  of  a field  line  would  yield  a curve 
4S/Ro  falling  between  and  passing  through  zero-ordinate  at  a 90- 
degree  pitch  angle. 

The  complete  J integral  is 

J - R Jp  ' LR^Jp 
o E 

and  the  bounce  period  is 

t,  ^ R 8/v  = LR,.,S/v 

bo  E 

The  momentum  p and  velocity  v can  be  found  from  r'igures  3B-6  and 
3B-7.  Any  of  several  units  may  be  employed  for  J . The  n-.ost  cotr.- 
ri'.on  are  cgs  units  or  mixed  units — (N'eV.'c)  cm,  or  (MeV  c'  (earil'. 
radii).  A third  alternative,  MeV  sec.  is  less  useful.  The  appropriate 
numerical  conversion  is  J(MeV  second'^  0.02125  !,p(MeV,-c). 

For  example:  A l-.\leV'  electron  has  a velocity  2.n  x 10‘H:en.i- 

meters  per  second  (Figure  3B-6).  If  the  equatorial  pitch  angle  is  3C 
degrees  ;md  I.  - 2,  the  ordinate  S is  4.0  and  the  Ijounce  period  is  1,^ 

6 . 3 7 X 10  X 2 . 0 X 4 . 0 , 2 . r : 1 0*®  - 0 . 1 ri  second  . T lie  momentum  is 
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Figure  3B-13  presents  the  azimuthal  drift  period  as  a function  of 
the  equatorial  pitch  angle  in  the  earth's  field.  This  figure,  together 
with  Figure  3B-14,  which  provides  the  energy-dependent  factor,  can 
be  used  to  determine  the  azimuthal  drift  periods  of  particles  trapped 
in  the  earth  s magnetic  field  {Equation  3-50).  The  average  angular 
drift  velocity  is  simply 

1 

1 

_ ZTJ  2itL£(v^/c^) 

" ■ ^d  ■ ^ 

The  drift  velocity  at  the  equator  is  the  angular  drift  velocity  niultiplied 

by  the  equatorial  radius  R = LR  or 

o E 


V 


2ff  L^R^E(v^/cS 

E 

& 


For  example;  The  coergy-dependent  factor  for  a l-MeV  elec- 
tron is  E (v^/c^)  = p^/ym  = 1.3  MeV  (Figure  3D-14),  If  the  electron  has 
an  equatorial  pitch  angle  of  30  degrees,  the  ordinate  of  this  graph  is 
6,  250,  which,  at  L = 2,  results  in  a drift  period  t^  = 6, 250/2  X 1 , 3 = 

2,  400  seconds  = 0. 67  hour.  The  average  angular  drift  rate  is  2tr  /z,  400  = 
0. 0026  radian  per  second  =0.15  degree  per  second  or  0.83  degree  per 
bounce  (Figure  3B-10).  The  average  drift  velocity  is  V = s . 0 X 
10  X (2)  X 1.3/6,250  = 33  kilometers  per  second, 

For  a 1-MeV  proton,  the  ordinate  of  Figure  3B-14  is  so  small 
that  the  approximation  E(v^/c^)  ^2  may  be  used.  If  the  pitch  angle 
and  L-value  are  the  same  as  for  the  electron  in  the  first  ex- 
ample, the  drift  period  is  tj  = 6,250/2  X 2 = 1,560  seconds  = 

0.  43  hour. 
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Figure  3B-14  contains  the  en.  ■;  rgy -de  pendent  factor  eniployed  in 
a/.in'iUthal  drift  con'.putations  . Tiie  sauare  of  particle  it'ornentuni 
divided  by  > lor  tOi  il  energy  multiplied  by  velocity  squared'  occ-ur 
frequently,  particularly  in  computations  relating  to  oartvcle  drift 
motions.  For  non  re  lati  vistic  particles,  this  factor  is  nearly  equal 
to  Z~  . Accurate  values  at  higher  energies  can  be  found  from  the 
formula: 


2 

p : yrr  = 


) 

2m.c  ) 
me 


or  ,*rom  Figure  3B-14,  The  ordinate  and  abscissa  are  in  tlie  same 
units  . 
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Figure  3B-l5shows  constant -J  cu rves  in  a dipole  field.  The  upper 
half  of  this  figure  shows  some  selected  contours  of  constant  degen- 
erate adiabatic  invariant,  J/p  (in  units  of  earth  radii,  Rj;)  in  a 
dipole  field.  These  curves  contain  the  mirror  points  of  all  particles 
having  a particular  value  of  3 . The  constant -J  su rfaces  , constructed 
by  rotating  these  curves  about  the  polar  axis  are  open  and  funnel 
shaped.  The  curves  are  labeled  with  the  value  of  J in  . Several 
dipole  field  lines  also  are  shown. 

The  constant-J  curves  are  not  the  mirror  point  traces  of  particles 
that  preserve  adiabatic  invariants  while  drifting  across  L-shells. 

The  constant  adiabati-:  invariant  curves,  labeled  with  the  values  of 
J^/Mm  in  gauss  square  centimeters  or  gauss  r|^  , are  shown 

in  the  lower  part  of  the  figure. 
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Figure  3B-16  contains  constant  adiabatic  invariant  curves  in  B , L 
coordinates.  Constant  J^/.Mm  contours,  such  as  in  the  lower  part  of 
Figure  3D- 15,  are  shown  in  Figure  ’’B-16  in  B,  L.  coordinates.  The 
mirror  point  of  a particle  drifting  across  B-shells  while  preserving 
the  first  two  adiabatic  invariants  will  follow  a trajectory  such  as  these. 
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Figure  3B-17  presents  adiabatic  invariants  of  particles  entering 
the  atmosphere.  The  quantity  J^/Mm  is  shown  as  a function  of  L 
for  particles  entering  the  atmosphere  mirroring  at  1 00 -kilomete rs 
altitude.  J,M,  and  m may  be  in  cgs  units,  or  J may  be  in  MeV/c 
cm,  M in  MeV/gauss,  and  M in  MeV. 

For  example:  A 1-MeV  electron  mirrors  at  100-kilometers  alti- 
tude on  L = 2 . From  this  figure,  the  ratio  of  its  adiabatic  invariants 
is  J‘^/Mm  = 30  gauss  Rg;  . If  the  electron  started  at  L = 6 and 
drifted  across  L-shells  while  preserving  its  adiabrtic  invariants,  the 
ratio  of  initial  and  final  mirror  fields,  Bm,  can  be  found  from 
Figure  3B-19.  The  ratio  is  Brp(LJ^/Mm  = 1 80),  B„.^(Lj2/Mm  = 

60)  = 1.3  X 10’^ / I. 8 X 10  - 0.07.  The  constancy  of  the  magnetic 

moment  ensuies  that  the  ratio  of  initial  and  final  momentum  squared 
is  the  same  as  the  ratio  of  the  B^^'s.  When  observed  on  L = 2,  p^/2m 
was  2 MeV  (Figure  3B-8).  Initially,  p^/2m  must  have  been  2 X 0.  07  = 
0.  14  MeV.  The  initial  energy  was  approximately  the  same  (0.  14  ,MeV), 
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Figure  3B-18  contains  an  equatorial  pitch  angle  as  a function  of 
L for  constant  adiabatic  invariants.  The  equatorial  pitch  angle  Aq 
varies  so  slowly  with  L that  this  figure  has  been  folded  over  many 
times.  The  value  of  L can  be  found  by  multiplying  the  coordinate 
on  the  lower  scale  by  the  factor  above  the  appropriate  segment  of 
the  curve  and  dividing  by  J^/Mm.  The  dimension-?  of  J,  M,  and  m 
are  the  same  as  in  the  preceding  figures.  If  J^/Mm  is  an  integral 
power  of  10,  for  example  IQf'  , L and  Oq  may  be  read  directly  from 
the  curve  labeled  .xlO'^  . 

Sniall  changes  in  Ot  ^ can  be  computed  accurately  by  using  the  aver- 
age slopes  given  on  the  right  side  together  with  the  formula; 

= (constant]  i [slope  1 X logjQ  L . 

For  example:  A trapped  particle  is  initially  at  L ~ b with  an 

equatorial  pitch  angle  of  50  degrees.  The  abscissa  of  this  figure  is 
at  LJ^  / Mm  =6x10  'gauss  R£  . Therefore,  J^/Mmis  10  gauss 
Rg  . The  L-values  may  be  read  directly  from  the  scale  at  the  bottom. 

If  the  particle  drifts  to  L = 2 while  preserving  its  adiabatic  invariants, 
the  new  equatorial  pitch  angle  is  57.8  degrees.  When  the  preceding 
simplified  formula  is  used,  the  new  pitch  angle  is  computed  to  be 

= 50  degrees  r (-16.  1) 

I 


I. = 2 
L=6 


= 57. 7 degrees 


■/i 
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Figures  3B-19a  and  3B-19b  show  a mirror  point  field  as  a function 
of  L for  constant  adiabatic  invariants.  These  figures  contain  essen- 
tially the  same  information  as  the  last  several  figures,  except  that 
PjY,  has  been  multiplied  by  (Mm^l^/J^  to  obtain  a unique  function  of 
L (J^/Mm)  . The  parameter  J^/Mm  common  to  the  ordinate  and 
abscissa  may  be  computed  or,  alternatively,  determined  from  the 
preceding  figure.  If  J^/Mm  is  an  integral  power  of  10,  for  example 
10^  , L may  be  read  directly  from  the  curve  labeled  xlO*^  . 

Constancy  of  the  magnetic  moment  requires  that  p^/2m  varies 
directly  with  • The  kinetic  energy  can  be  found,  therefore,  from 
Figure  3B-8. 

Small  changes  in  Bj.^,  can  be  computed  with  the  aid  of  the  average 
slopes  at  the  right  side  and  the  formula; 

^m  ~ [cof'stant]  4 [slope]  X logj^^  L 

The  figure  has  not  been  continued  beyond  L = 10  because,  for 
smaller  L values  (Ot  > 80  degrees),  B^.^^  is  given  quite  accurately  by 
the  simple  formula; 


m 

For  example;  The  equatorial  pitch  angle  and  L of  a trapped  par- 
ticle are  50  degrees  and  6,  respectively.  From  the  preceding  figure, 
J^/Mm  is  10**  gaujs  . The  mirror  field  may  be  read  directly 
from  the  curve  labeled  10'*  (after  multiplication  of  the  ordinate  by 
10"^).  If  the  particle  drifts  to  L = 4 while  preserving  adiabatic 
invariants,  the  mirror  field  changes  from  Bj^  = 0.0024  gauss  to 
Bj^  = 0.0076  gauss.  If  the  particle  is  an  electron  with  initial  energy 
of  1 MeV,  p^/2m  is  about  2 MeV  (Figure  313-8).  The  momentum 
squared  is  proportional  to  the  mirror  field  if  the  magnetic  moment  is 
preserved.  Finally,  p^/2m  is  2.0  X (0.0076/0.0024)  = 6.3  MeV. 

The  final  kinetic  energy  is  about  2.2  MeV.  The  energy  of  a trapped 
proton  is  more  nearly  proportional  to  If  the  drifting  particle 

were  a proton,  its  energy  change  would  be  from  1.0  MeV  to  1.0  X 
(0.076/0.  024)  = 3.2  MeV. 


I _ 

i: 


I 

I 
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CONVERSION  OF  OMNIDIRECTIONAL  FLUX 
'.O  DIRECdONAL  FLUX 


Tins  Fortran  subroutine  integrates  a tabulated  "et  of  values  of 
omnifliructional  flux  to  obtain  directional  fluxes  and  the  Iseta  parameter 
(sec  Chapter  5).  There  is  also  rn  option  which  allows  the  program  to 
perform  the  integration  from  j to  J . The  dimensions  of  the  arrays 
.ire  set  at  1;  with  some  computer  systems,  it  may  be  necessary  to 


enter  the  desired  di.Tiensions  in  the  dimension  statement. 
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SECTION  5 j 

SOURCES  AND  LOSSES  OF  TRAPPED  PARTICLES 

I 

G.T.  Davidson,  Lockheed  Polo  Alto  Research  Laboratory 

I 

5.1  INTRODUCTION  | 

Most  of  the  unsolved  problems  relating  to  the  trapped  radiation  j 

belts  have  to  do  with  two  broad  question:  (1)  Where  do  such  largo  | 

numbers  of  energetic  particles  come  from  and  (Z)  Why,  after  they  ! 

have  been  trapped,  do  they  disappear  again?  Only  partial  answers  1 

are  available.  The  source  of  high-energy  trapped  protons  has  been  j 

ascribed  with  a fair  degree  of  success  to  decay  of  cosmic-ray-  | 

produced  albedo  neutrons.  The  same  mechanism  is  quite  inadequate 
to  explain  trapped  electrons  and  low-energy  protons. 

Observations  of  the  decay  of  artificial  radiation  bolts  have  shewn 
that  the  principal  loss  mechanism  on  low  L- shells  (L  < 1.  Z5)  must 
be  collisions  in  the  atmosphere.  Some  additional  loss  mechanism 
must  certainly  exist  that  affects  particles  on  higlier  L-shells.  A 

large  amount  of  effort  has  been  expended  in  analyzing  the  effects  of  s 

diffusion  of  particle.s  across  L-shells,  and  limited  success  has  been  j 

achieved  for  some  special  instances.  Otherwise,  the  L-shell  dif-  < 

fusion  theory  is  far  from  complete.  i 

i 

i 

Many  interesting  particular  effects  have  been  explained,  but  their  ] 

relevance  to  the  overall  picture  of  trapping  and  losses  is  n(jt  well  1 

understood.  A recent  subject  of  much  attention  has  been  the  inter-  j 

action  of  plasma  waves  with  trapped  particles.  This  topic  is  still  ! 

rather  controversial.  ! 

i 

The  Sections  5.Z  and  5.3  treat  the  pure  loss  or  source  mecha-  | 

nisms,  such  as  loss  through  repeated  collisions  with  atmospheric  j 

particles  and  the  neutron  decay  injection  theory.  Succeeding  sub-  : 

sections  discuss  more  complicated  processes  that  may  be  respon-  ; 

sible  not  only  for  injection  and  removal  of  particles  but  also  for  | 

redistribution  within  the  trapping  regions.  ; 

Unfortunately,  space  limitations  prohibit  Citing  all  the  important  | 

reference  materials.  The  references  in  this  section  are  intended  j 

i 

i 
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primarily  as  a guide  to  further  reading.  For  more  detailed  treatments 
of  the  subjects  in  this  section,  see  References  1 and  210. 


5.2  LOSSES  IN  THE  ATMOSPHERE 
5.2.1  Particle  Collisions 

Section  3 considered  the  motion  of  isolated  particles.  The  results 
of  Section  3 hold  if  particle  collisions  do  not  substantially  alter  the 
motions.  Not  obvious,  however,  is  that  collision  effects  can  be 
ignored  when  dealing  with  large  numbers  of  particles.  In  the  lowest 
parts  of  the  atmosphere,  the  air  behaves  as  a collision-dominated 
fluid  with  only  rare  manifestations  of  plasma-like  behavior.  One 
should  expect  that  intermediate  regions  exist  in  the  high  atmosphere 
in  which  the  effects  of  collisions  and  electromagnetic  fields  are 
comparable. 

A fast,  charged  particle  in  an  un-ionized  medium  loses  energy 
efficiently  through  collisions  with  atomic  electrons  and  nuclei. 
Orbital  electrons  involved  in  a collision  may  be  excited  to  higher 
energy  states  or  may  be  removed  completely  from  the  parent  atoms. 
The  resulting  energy  lost  per  unit  trajectory  distance  by  a fast  par- 
ticle of  charge  ±e  and  velocity  v encountering  stationary  particles 
of  i:hargc  ±e  is  the  stopping  power  (References  2,  3,  and  4): 


4 

dE  dT  2ffe  (maximum  enerEv  cxchariEe)  ,,  ,, 

- — = - — • = n In  — : — ^ r • (5-lj 

ds  ds  m^v<-  (minimum  energy  exchange) 

The  energy  loss  is  proportional  to  the  number  density  of  stationary 

charged  particles,  n . The  mass  that  frequently  appciars  in  formulas 

related  to  collisions  between  two  particles  is  the  reduced  ma ss 
(Reference  5): 


mjm^ 

m = 

r m j+  m^ 


(5-2) 


When  both  particles  are  electrons,  the  reduced  mass  is  m^./2. 

When  both  are  protons,  the  reduced  mass  is  nip/2.  Otherwise,  if 
one  particle  is  an  electron  and  the  other  is  much  heavier,  the  reduced 
mass  is  nearly  equal  to  the  electron  mass,  m^,.  Because  the  reduced 
mass  in  collisions  with  electrons  is  small,  the  slowing  of  heavy, 
charged  particles  is  due  almost  entirely  to  collisions  with  bound  and 
free  electrons  (Reference  1). 
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Table  5-1.  Excitafion  ionizoHon  potentials  (Reference  23). 


— 

Material 

— 
r (eV) 

Predominotes  in 
Altitude  Range 
(km) 

Air  (nitrogen) 

87 

1.94 

< 300 

Oxygen 

97 

1.99 

300  < h < 800 

Helium 

44 

1.64 

800  < h < 5000 

Hydrogen 

18 

1.26 

5000  < h 

Equaliun  '^-7,  the  (ir.st  !wo  tcrin.s  in  the  square'  brarkct.s  biMiomt- 
6.60  • I uy  I y(m^, /iKp)  T ( Mo  V).  The  diffe-rcnc.'  betwoen  Equations  S-7 
and  6-9b  is  only  atiout  10  perce  nt  when  particles  ol  comparable  veloc - 
itie'S  are-  e em  s idc  rc'd  . 

Tile.'  ('tie'  1'^  lees  ,s  lifetime'  i.s  of  orde-r 


T 

n 


( - d T 'dt) 


N ) 


It;  tb','  iippiT  ' art  of  llie  trapped  radiation  bells  where  the  total  aver- 
age' ele.'t  troll  ele'nsity  may  be  of  order  10  per  cubic  centimeter 
(Refe' rcnct'.s  Jo,  Jl,  ..nd  JJ),  the  predicted  lifetimes  of  trapped  elec- 
troi.H  .iii'l  preitons  would  bo  eif  order  JO  .anei  60  years,  re;  spec  live- ly. 

.6  partu  ic  o.'^  sufiie  .eni  ene'rgy  c eiuld  very  well  remain  trappt'ci  for  a 
loi'i;  till'.,  i;  ih.  only  e'ffect  of  collisions  we'rt'  a degrad,  tiein  e,-)f  kinetie- 
<■  n e r y '■ . 


I 

» . 


5.2.2  Cumulative  Deflectionj — the  Fokker-Plonck  Equation 

.An  energy  los.s  formula  is  iieit  quite*  ade-quale  to  elcscribe  the  re- 
laxation of  eli.irge'd  particle's  in  a plasma.  The  total  accumulated 
delle'i  tion.s  of  a particle  can  become*  so  great  that  eventually  there 
IS  no  longer  a we  11  - elef  i nee!  “forwarel'  velocity.  Auditionally  , the 
de'Si  r.oed  slopping  power  lormulas  are  imt  very  accurate  whe'n  the 
speed  o;  tb.e  jiartule  under  scrutiny  is  not  mue  h greater  than  the 
thermal  spee-d.  A e eimplete  tre'atment  of  collision  effects  must  in- 
clude explicitly  the  random  nature  of  individual  collisions;  the 
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expected  deflection  after  many  collisions  should  be  related  to  the 
probable  deflections  in  individual  collision  events.  The  P~okke  r - 
Planck  .quation  satisfies  these  criteria  quite  neatly  in  predicting  the 
evolution  of  a single  - particle  distribution  function  fix.  v,  t'.  (References 
24  through  27).  Because  of  considerable  confusion  about  its  proper 
use,  a brief  derivation  of  the  Fokke  r - Planck  equation  'Reference  2H' 
is  given  here.  Suppose  that  S(v,  6v,  t)  d^v  6t  is  the  probability  that 
a test  particle  within  the  element  of  velocity  space  defined  by  v and 
d^v  ''momentum  space  could  as  well  be  em.ployed'  experiences  a sn'iall 
deflection  6v  sometime  between  t and  t ^ 6t  One  may  assume  that  .S 
does  not  contain  time  as  an  explicit  variable;  this  assumption  defines 
a Markov  process  in  which  the  expected  behavior  of  a dynamical  sys- 
tem does  not  depend  on  its  past  history  (Reference  24).  (Many  inter- 
actions bet'A'een  particles  are  not  XIarkovian,  particularly  if  the  test 
particles  have  internal  energy  states  that  may  be  excited  during  or 
between  collisions.  ) During  a time  interval,  6t,  long  enough  to  in- 
clude a considerable  number  of  collisions,  the  distribution  function 
evolves  according  to  the  formula: 


f(u, , I t 6i) 


[all  6u. 


f (u.  - 6u. , t ) 

i i 


S(u.  - 6u.,fiu.)  J d^(6u:)  6t 

I I I ‘ 


(S-  12) 


The  velocity  coordinates  have  been  generalized  so  that  the  com- 
ponents of  V are  l|jnear  functions  of  some  set  of  u-.  The  infinitesimal 
volume  element  d is  equivalent  to  ci(6u|l  <l'6u,,i  d(6uj).  fne 

6 v^  are  related  to  t artesian  i oo  rdinati:s  by  the  Jacobian  (Re  for  erne  2 'b ; 
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Of  course  J can  be  written  as  an  explicit  function  of  one  set  of  variatiles, 
say  Uj.  A Taylor  series  expansion  about  6u;-0  gives  to  first  order. 


d f(Uj,  t) 

f(Uj,  tl  : 6t 


d t 
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3 3 
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(5-14) 


The  probability  S is  normalized  so  that  the  total  probability  of  a 
collision  | Sd^(6^n  is  equal  to  1 (including  coll'sions  that  result 

in  no  deflection).  The  generalized  Fokker  - Planck  equation  may  be 
written  immediately  froiii  Kquation  5-14: 


:^f 

■3t 


(5-15) 


The  Fokke  r - l-’lanck  coefficients  represent  averages  of  the  [jrobabilit  ies 
of  deflections,  and  are  defined  as: 
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The  Fokker -Planck  equation  can  be  further  gene  ra  lizetl  ii;  apply  to 
any  quantity  that  changes  in  random,  discrete  steps;  tiie  derivation 
above  also  applies  to  a space  of  any'  arijitr  iry  nun. her  of  dimension;  . 


In  cartesian  coordinates,  the  FokI  e r - 1 ' lane  k equation  ha.s  a .simple 
tensor  form  (Kefereme  4(i): 


f(bv) 
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In  the  last  equation,  the  velocity  could  have  been  replaced  by  the 
kinetic  energy  with  a resulting  Jacobian  of  just  Z»r  (the  number  of 
particles  in  dTd/J  is  Ztr((T,M)  dTdl^).  The  Fokker -Planck  equation 
in  energy-cosine  pitch  angle  coordinates  is 


c H 


ail  3T 


KAmAT)  + 7 f<(AT)^>  . 


(5^21) 


The  Fokke r -Plane k equation  represents  a diffusion  in  velocity 
space  (References  24  and  26).  Particles  starting  in  a group  at  one 
point  in  velocity  space  eventually  will  become  difficult  to  identify  as 
members  of  the  original  group.  However,  after  a finite  time  interval, 
the  particles  that  were  originally  traveling  together  have  not  only 
different  velocities  but  also  different  spatial  positions.  It  is  neces- 
sary to  define  the  distribution  function  so  that  it  is  spatially  invariant 
when  collisions  are  ignored.  This  requirement  is  not  always  trivial. 
Usually,  the  distribution  of  velocities  at  a fixed  point(or  surface/is 
adequate  to  determine  the  behavior  of  the  entire  ensemble  (Section 
3.6). 


THE  DIFFUSION  EQUATION  AVERAGED  ALONG  A FIELD  UNE. 
The  Fokke  r - Planck  equation  can  often  be  reduced  to  an  equation  in  tv.  o 
variables,  say  x and  t.  If  it  happens  that  a particular  solution,  fg  , is 
known  for  which  3f/at  is  zero,  then  there  is  a simple  relation  between 
the  coefficients  (a  x^  and  ^(Ax)^^  ; 

^s  = 7 (5-2la) 
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(For  examples  of  cases  where  this  applies  , see  Sections  5.  4.  1 and  5.  5.  ) 
If  the  second  coefficient  is  replaced  by 


Dkx  ■■  2 , 

the  Fokke  r - Planck  equation  reduces  to 


This  equation  (Reference  l60i,  or  n.ore  usual  form 


of  0 
St  cx 


D. 


Sf 


is  immediately  recognizable  as  the  diffusion  equation. 


( 5 - 2 1 c I 


When  the  variable  x is  changed  to  a new  variable,  say  y,  the  diffu 
sion  coefficient , D,  must  be  altered  to  preserve  the  form  of  the  dif- 
fusion Equation  5-21c.  From  the  remarks  above,  it  follows  that  the 
new  diffusion  coefficient  is  related  to  D by  the  formula 


(5-21d^ 


It  is  often  feasible  to  establish  a coordinate  system  in  which  the 
diagonal  Fokke r -Planck  coefficients  (e.  g.  ) are  zero,  and  pitch 

angle  or  some  closely  related  variable  is  the  primary  variable.  The 
contributions  to  5f/dt  due  to  energy  diffusion  and  pitch -angle  diffusion 
are  additive,  so  it  is  meaningful  to  speak  of  the  pitch-angle  diffusion 
equation: 


(—]  - ^ D — 

\^VT  ^ const  ^ 


(5-21e) 


Pitch-angle  diffusion  in  the  geomagnetic  field  is  complicated  by  the  fact 
that  the  phase  space  element  (djidT)  changes  with  B along  a field  line. 
Equation  5-2le  can  be  averaged  over  the  length  of  a field  line  by  using 
Liouville's  equation  (Equation  3-82>  to  relate  the  changes  in  the  pitch- 
angle  distribution  at  the  equator  to  changes  induced  by  diffusive  pro- 
cesses at  any  arbitrary  point. 
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If  the  variable  is  transformed  to  its  value  at  the  eo.aator.  and 

the  pitch-angle  diffusion  equation  averaged  over  a trapped  particle  tra- 
iectorv.  the  result  is 
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where  the  subscripts  o imply  that  a variable  is  evaluated  at  the  equator 
If  the  pitch  angle,  , is  selected  as  a variable,  the  averaged  diffusion 
equation  is 


(Note  that  D^,  ^ = Dq 

^0^0  " 


Q a (sir.  a^) 


A useful  way  to  treat  the  loss  cone  is  to  assume  that  particles  with- 
in the  loss  cone  or  are  lost,  on  the  average,  in  half 

the  bounce  period.  The  diffusion  equation  within  the  loss  cone  becomes 


‘b^o  -^o  ^“o 


^o  I 


(5-21i) 


A special  caution  is  necessary  in  the  application  of  Equation  5-21i;  it 
is  strictly  valid  only  in  the  case  of  strong  diffusion,  when  the  last  term 
on  the  right  is  no  larger  than  the  other  terms.  Otherwise,  it  yields 
distributions  which  fall  off  precipitous  ly  at  the  edge  of  tire  loss  cone  and 
which  give  nearly  correct  loss  rates,  but  the  observable  distribution  in 
the  loss  cone  does  not  necessarily  resemble  the  solution  of  Equaticr,  r-2  1i. 

A diffusion  equation  like  Equation  5-21c  can  be  solved  !iy  finite -diffe  renc  e 
techniques.  However,  care  must  be  exercised  in.  constructing  the  finite - 
difference  matrices  to  ensure  stability  and  conservation  of  particles.  Tire 
iterated  solutions  at  the  points  t^  * 6t  must  be  used  to  correct,  the  appro.xi- 
mations  to  the  x derivatives  used  in  stepping  forward  from  t-  to  t-  - 6t 
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or  the  solution  will  be  unstable  no  matter  how  small  the  time  step  6t  iRe 
ferences  207  and  208).  Some  general  m.etnods  are  described  in  Refer- 
ences 208  and  209.  The  treatment  of  the  boundary  of  the  loss  cone  is 
another  troublesorrie  problem  in  any  solution  of  the  pitch -angle  diffusion 
equation . 


An  £ igen -function  solution  is  often  more  practical  and  more  illumi 
nating  than  a finite -difference  solution  to  the  [jitch-angle  diffusion 
equation  (References  10,35,  and  36).  F'ach  eigen-mode  decays  expo- 
nentially with  the  time  parameter  The  complete  solution  {subject 

to  appropriate  boundary  conditions)  is 

(5-21jl 

k 

The  eigen-value  equation  for  the  g-^'s  is 
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If  solutions  to  Equation  5-21k  exist,  the  eigen-mode  approach  is  feas- 
ible; frequently  the  diffusion  coefficient  and  bounce  period  must  be 
rather  crudely  approximated  in  order  to  derive  manageable  solutions. 


CUMULATIVE  DEFLECTIONS  IN  AN  IONIZED  GAS.  Parallel 
and  transverse  deflections  may  be  decompo.sed  either  with  respecc 
to  the  direction  of  the  initial  velocity  or  to  the  direction  of  the 
magnetic  field.  A particle  traversing  an  ioni/,ed  medium  will  ex- 
perience small  random  deflections  every  time  it  com(;s  near  enough 
to  an  electron  to  be  infh'.enccd  by  the  field  around  tha'.  electron. 

Figure  5-3  shows  the  trajectory  of  a charged  partu  Ir  in  a fully  ioni/.ed 
plasma.  The  dots  represent  electrons;  the  dashed  circles  represent 
the  Debye  spheres  with  a radius  equal  to  the  Debyi'  K-ngth.  (Actually, 
many  electrons  might  be  found  within  any  individual  Debye  sphere.  ) 

A fast  charged  particle  is  affected  by  the  nearly  stationary  electrons 
only  when  it  penetrates  their  respective  Debye  spheres. 

The  first  Fokker -Planck  coefficient  ^Av„^is  equivalent  to  a grad- 
ual loss  of  kinetic  energy.  It  usually  is  called  the  dynamical  fr  ic  tion 
coefficio  nt  (References  30  and  31).  The  averages  of  (Ci  and 

( A V||  A in  a uniform  medium  are  expec  ted  to  be  ze  ro  because  a 
transverse  velocity  increment  is  equally  probable  in  any  direction 
about  the  symmetry  .axis.  The  effects  of  random  deflections  are  con 
tained  in  the  remaining  coefficients  ^(^v,,)^^  and  ^(A  Vj^ 


.'■■i  . I '.cL'i'Jm...'.  V.  i- Ij;.  1.  .Ui  .. 
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Figure  5-3.  The  parh  of  a light-chorged  porHcle  (on  electron)  in  a fully 
ionized  gas. 


Chandrasekha V has  computed  Fokker -Planck  coefficients  for  in- 
verse square-type  forces  (Reference  31).  The  significant  (non  relativ- 
istic) coefficients  for  the  slowing  of  a particle  of  mass  mj  and  veloc- 
ity V by  free  electrons  (Equation  5-3b  defines  C,  also  see  Reference 
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The  function  G is  related  to  the  error  function: 

2 X 2 

erf  (x)  = I'  exp(  -y  ) dy 

•/rr  ^ 

through  the  definition; 


(5-25) 
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erf(x)  - erf(x) 

G(x)  . P . (5-26) 

2x 

Figure  5-4  gives  numerical  values  of  G and  erf  . The  parameter  A 
is  related  to  the  number  of  elecrons  in  a Debye  cp'nere.  Generally, 

In  A may  be  set  equal  to: 


(5-2V) 


If  more  accuracy  is  desired,  the  tabulations  of  In  A by  Spitzer 
(Reference  32)  may  oe  found  useful. 


The  Fokker -Planck  coefficients  for  moderately  high  velocities 
are  approximately 
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(5-28) 


(5-29) 


(5-30) 


The  similarity  between  'equations  5-28  and  5-5  is  readily  apparent^ 
the  numsrici.l  magnitudes  of  the  logarithmic  terms  are  actually  quite 
close.  /\t  int  iclent  particle  velocities  greater  than  about  4 tiines  the 
thermal  electron  speed,  th“  two  formulas  give  nearly  identical  results. 
Only  for  very  slow  particles  is  Equation  5-28  preferred  over  Equation 
5-5  (which  is  . Iso  correct  at  relativistic  velocities). 
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The  ratio  of  the  "diffusion"  coefficient  to  the  dynamical 

friction  is  proportional  to  mj./mj.  For  protons  passing  through 

free  electrons,  the  ratio  mj./mjis  only  I / 1 , 836 ; but  for  electrons 
passing  through  a gas  of  free  electrons,  the  ratio  is  1/2.  Generally, 
deflections  are  much  more  important  for  electrons  than  for  fast, 
heavy  particles  (Section  5.2.  1). 

A useful  measure  of  the  lifetime  of  a particle  in  a plasma  is  the 
average  time  required  to  deflect  the  initial  velocity  through  90  degrees. 
A deflection  relaxation  time  (Reference  32)  miglit  be  defined  as: 

2 

V mv  Z 

T = — = n e (erf  - G)  In  A (5  31a) 

2 3 
m V 

Si  0.  002  — . (5-31b) 

n e 
e 

The  deflection  relaxation  time  is  usually  less  than  the  energy 
relaxation  time,  Tp  , for  electrons.  The  deflection  relaxation  life- 
time of  electrons  in  the  outer  trapping  regions  is  on  the  order  of  10 
to  100  years. 


5.2.3  Collisions  in  the  Earth's  Atmosphere 

A trapped  particle  is  effectively  removed  if  it  loses  enough  energy 
in  successive  collisions  that  it  is  no  longer  distinguishable  from  low- 
cnergy  ambient  particles  (T  « 1,000  to  2,  000  K).  A trapped  particle 
also  is  lost  if  its  trajectory  is  altered  by  collisions  so  that  it  enters 
a low-altitude  region  of  the  atmosphere  where  it  may  be  stopped  within 
a small  fraction  of  its  bounce  period.  Although  a single  violent  col- 
lision would  suffice  to  substantially  alter  the  pitch  angle,  a large 
number  of  successive  small  deflections  can  have  the  same  effect. 

The  earth's  atmospheric  density,  o , decreases  with  altitude,  h , 
roughly  according  to  the  hydrostatic  equation: 

^ exp  ( - h/H)  . (5-32) 

The  parameter  H is  called  the  sea  Ic  height.  The  scale  height  in  the 
lower  atmosphere  is  of  the  order  7 kilometers,  so  the  number  of 
molecules  and  atom.s  per  cubic  centimeter  falls  from  about  10*^®  at 
the  surface  to  less  than  10^'  .above  120  kilometers.  The-  scale  height 
increases  in  the  upper  atmosphere,  but  the  number  density  still  is 
generally  less  than  10^  atoms  per  cubic  centimeter  at  1 , 000-kilomcter 
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.'>■'  * ( altitude.  Generally,  trapped  particles  can  be  found  with  mirror  al- 

' titudes  down  to  140  to  150  kilometers.  Below  140  kilometers  the 

] atmospheric  density  increases  so  fast  that  stably  trapped  particles 

; never  are  found  there.  Further  details  regarding  atmospheric  param- 

eters are  in  Section  14. 

i 

t 

j If  it  is  trapped  so  that  it  never  comes  below  several  thousand  kilo- 

meters altitude,  a charged  particle  will  spend  its  life  in  what  is 
essentially  a tenuous  vacuum.  Its  lifetime  is  much  greater  than  its 
gyro-period,  bounce  period,  drift  period,  and  other  time  parameters. 

5.2.4  Loss  of  Trapped  Protons  in  the  Earth's  Atmosphere 

The  loss  of  trapped  heavy  particles  is  analytically  and  conceptually 
simpler  than  the  loss  of  electrons  because  tiie  effects  of  deflections 
can  be  ignor<?d.  A further  simplification  can  be  achieved  in  neglecting 
the  effects  of  free  electrons  below  several  thousand  kilometers  alti- 
tude. Many  more  bound  electrons  exist  than  free  electrons  in  this 
region  (Figure  5-6).  At  most  altitudes,  one  constituent  of  the  atmos- 
phere predominates  over  all  the  others.  In  the  important  altitude 
range  of  200  to  800  kilometers,  most  of  the  slowing  of  fast  particles 
is  due  to  oxygen  atoms.  For  rough  computational  purposes,  the 
average  excitation  potential  of  oxygen,  I* « 97.5  eV,  may  Lc  used  in 
Equation  5-3  or  Equation  5-7.  The  total  number  of  bound  electrons 
is  abcut  eight  times  the  total  number  of  oxygen  atoms.  Where  an  ap- 
preciable fraction  of  the  atmosphere  is  molecular  and  atomic  hydrogen, 
the  appropriate  excitation  potential  is  13.9  cV.  Below  200  kilo- 
meters, an  acceptable;  average  excitation  potential  is  I'  87  eV  (the 
average  for  air). 


Protons  with  large  kinetic  energies  can  b»'  involv'cd  in  nuclear 
irteractions  (References  !,  12,  and  15).  This  is  the  dominant  loss 
process  at  very  high  kinotii  energies,  above  300  to  500  MeV.  The 
range  of  protons  in  air  is  compared  in  Figure  5-1  with  the  mean  free 
paths  for  nuclear  interactions.  The  relative  energy  dependeiue  of 
the  competing  slowing  processes  is  such  that,  at  energies  only  slightly 
below  300  MeV,  nuclear  interactions  are  virtually  insignificant. 

At  kinetic  energies  below  1 MeV,  a proton  is  susceptible  to  charge- 
exchange  reactions  with  hydrogen  and  oxygen  atoms.  After  picking  up 
an  orbital  electron,  the  neutralized  proton-now  a hydrogen  atom- 
likelv  will  escape  the  trapping  region  before  being  reior.ized.  Because 
of  the  accidental  equality  of  their  ioni/ation  potentials,  oxygen  and 
hydrogen  have  a resonance  in  the  charge  exchange  reaction  with  pro- 
tons (References  18  and  19)  The  cha  rge -exchange  cross  sections 
for  protons  in  hydrogen  or  oxygen  is  of  order  10"*^  to  10'*“*  square 
centimi-ter  up  to  10  Ke  V (References  16  and  17).  At  higher  energies, 
charge-exchange  rates  fall  rapidly.  The  mean  path  for  charge  ex- 


5-2’ 

i 

f 

i 

i. 

i 


lIBWjWWW  Mgy'!' ' >■■■<  ■ !"■ 


2 December  1974 

change  is  shown  in  Figure  S-1.  Clearly,  charge  exchange  must  be 
the  dominant  loss  proce-s  for  protons  with  energii>s  less  than  100 
KeV.  Above  1 MeV,  charge  exchange  is  negligible.  (Alternating 
neutralization  and  ionization  of  protons  mirroring  at  lov-.'  altitudes 
•might  result  in  a diffusion  across  field  lines  (References  and 
34).  This  process  is  not  likely  to  be  significant  except  for  protons 
that  penetrate  so  deeply  in  the  atmosphere  that  they  are  already 
near  the  ends  of  their  trapped  lifetimes.  ) 


The  total  rate  of  n-moval  of  protons  from  a volume  in  phase  space 
(References  11  and  14)  is 
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The  first  term  on  the  right  of  the  equal  sign  in  Equation  5-33  is  due 

to  the  gradual  energy  loss.  The  last  term  on  the  right  takes  account 

of  violent  interactions  (nuclear  reactions  or  charge  exchange). 

1 lo  S 8 I 

’ IS  the  cross  section  for  the  reaction  and  nj^  is  the  number 
density  of  the  reacting  atoms  (or  nuclei)  of  species  k . Lifetimes 
for  trapped  protons  predicted  according  to  Equation  5-33  are  shown 
in  Table  5-2. 

Table  5-2.  Energy  loss  lifetimes  of  tropped  porticles  with  pitch 
angles  near  90  degrees  (References  11  and  12). 


Trapped  Particles 

L=  1.2 
(days) 

L=  1.6 

(years) 

L=  3 
(years) 

300  KeV  Electron 

10 

6 

20 

2 MeV  Electron 

100 

60 

200 

10  MeV  Proton 

50 

30 

100 

100  MeV  Proton 

1825 

1000 

(not  trapped) 

In  equilibrium,  the  trapped  proton  loss  rate  must  be.  balanced  by 
the  production  rate.  The  production  rate  will  include  an  external 
source  of  strength  q (per  eV  pier  cubic  centimeter  per  second)  plus 
the  production  rate  cf  secondary  protons  originating  in  nuclear  re- 
actions. The  secondary  production  rate  cap  be  written  in  terms  of 
a cross  section  for  secondary  production  and  the  fractional 

probability  W(T,  jUp-T,  ) that  a reaction  induced  by  a proton  with 
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energy  anri  equatorial  pitch  angle  cosine  will  yield  a proton 
with  energy  T and  equatorial  pitch  angle  cosine  . The  loss  and 
production  rates  should  b(?  averaged  over  the  particle  trajectories 
and  equated.  The  result  is  the  steady  state  equation  (References  il, 


f (T,  )v  has  been  replaced  by  the  equatorial  intensity  ■ 


The  horizontal  bars  denote  trajectory  averages,  i.  e.  , ; 
S 

c c m clS 

© X ds  I X — 

•‘S  fJ 

— _ rn 

X - = — T . 

<6  ds  f ^ ^ 


(S-35) 


A .solution  of  Equation  5-33  for  the  case  of  negligible  secondary 
production  (Reference  35)  is 


J M ) 
o o 


/ d~'  q(T',~t;  I 
T o 


• exp 


[ loss] 


(‘^-36) 


The  exponential  function  accounts  for  nuclear  collisions.  This  fac  tor 
can  be  signifir  ant  only  for  particles  with  high  kinetic  energic-s  and 
pitch  angles  sufficiently  small  that  they  will  dip  low  into  the  atmos- 
phere and  encounter  many  nuclei  with  large  cross  sections,  oMossj 
If  the  source  q is  fairly  uniform,  the  form  oi  is  determined 
primarily  by  the  variation  of  clT  /ds  due  to  the  atmospheric  density 
distribution.  Ir.  fact,  should  be  roughly  inversely  proportional  to 
the  total  number  of  elc-ctrons  encountered  along  the  orbit.  There- 
fore, on  low  L-shells,  j^  and  f^  should  bo  strongly  dependent  on 
pitch  angle. 


That  depends  very  strongly  on  mirror  latitude'  means  that  the 
omnidirectional  flux  on  the  equator  should  iiu n-.ise  rapidly  witl;  L 
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on  low  L-sh<’lls.  The  actually  observed  altitude  dependenc  <.■  of  J^  is 
consistent  with  a tmosphi?  r ic  collisions  bein^  the  pr  ecl  oni  ina  nt  loss 
mechanism  for  protons  below  L - 1 . 4 (References  11  and  35). 

Actually,  on  low  Jj-shells,  nearly  all  the  t r a piled  - pa  r tic  le  riepletion 
occurs  within  the  South  American  anomaly  region  (Section  2.4.2; 
References  35  and  36).  Therefore,  the  traieclory  averages  (Equa- 
tion 5-35)  should  be  average  also  over  longitude. 

ElAST-Vi  EST  ASYMMETRY.  The  spatial. gradient  of  proton 
fluxes  at  low  altitudes  results  in  an  excess  of  protons  moving  east- 
ward. This  is  simply  because  protons  moving  toward  the  east  have 
guiding  centers  above  the  point  observation.  Protons  moving  toward 
the  west  have  guiding  centers  below  that  point.  The  particles  with 
the  lower  guiding  centers  are  trapped  on  lower  field  lines  and,  con- 
sequently, are  lost  more  rapidly  to  the  atmosphere.  The  ratio  of 
ea  s twar  d- to  - w es  twa  rd  intensities  (References  37  and  38)  is 


j(wcst) 


exp  (2  p cos  I/H  ) 
c 


(^-37) 


whore  O^.  is  the  gyro-radius  and  I is  the  field-line  inclination.  The 
east-west  asymmetry  ha.s  been  utilized  to  derive  scale  heights  H 
within  the  upper  utn-;osphero  (Reference  39). 

(The  current  that  results  from  the  inequality  of  fluxes  in  opposite 
directions  is  analogous  to  the  current  in  Equation  3-101,  which  depends 
on  the  gradient  of  particle  pressure.) 


5.2.5  Loss  of  Trapped  Electrons  in  the  Atmosphere 


The  deflections  of  trapped  electrons  entering  the  atmosphere  are 
fully  as  important  as  their  loss  of  energy.  For  that  reason,  the  Fokker- 
Planck  equation  is  especially  well-suited  to  the  problen'.  of  the  oepletion 
of  t rapped  e lectre  n belts  . The  Fokker-Planck  coefficients  must,  however, 
be  averaged  over  the  trajectories  of  the  trapped  electron  , (see  Equation 
5-21g);  the  averaged  coefficients  in  T,  coordinates  are  (References  10 
and  35;  see  also  Equation  5-4) 


(6T> 


dT 

dt 


Z, 

K 


Tv  T ♦ ni^c^ 


(5-38a' 

(5-38bl 
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2 me 


T(T*2m^c'^)  (1 

m 

= 2~ D(Mo) 

''T(T.  2m  c2) 


1 (1-Uo  ' , 2 2 2^  2.-1 

- — (M  - M ^n,  7 4na  . ,, 

2>,i2  ^ ^minlk 


(5-40a) 
(5--  Ob) 


<^T^Mo> 


(5-4  1) 


<(aT)2>*.o  . 


(5-42) 


The  number  of  orbital  electrons  in  an  atom  of  species  k has  been  denoted 
by  Z'^.  Only  the  dynamical  friction  (Equation  5-38)  is  prooortional  to 
the  total  number  of  bound  electrons  - the  other  coefficients  contain  an 
extra  Z factor.  The  minimum  scattering  angle  in  the  center -of-mass 
frame  is®[min]‘  Fokker-Planck  coefficients  have  been  evaluated 

and  can  beTound  in  References  10.  35,  and  36. 

The  Fokker-Planck  equation  for  the  atmospheric  loss  of  trapped 
electrons  reduces  to  a diffusion-type  equation  for  the  distribution  func- 
tion at  the  equator  f^  (T,  Mq)  d"  particles  per  unit  energy,  per  steradian, 
per  unit  volume)  (Reference  10); 


3t 


2ffvt. 


e 

Ir 


k(T, 


. dT 


_1 l_  . 


(5-43) 


Mo  tu  9m 

where  tj^  is  the  bounce  period. 

The  energy  loss  part  of  Equation  5-43  could  have  been  written  in 
terms  of  the  total  number  of  particles  in  a magnetic  flux  tube  per  unit 
per  unit  cross  sectional  area  at  the  equator: 


= 2trf^(T,4j,)  vMo  . 


(5-44) 
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The  pitch-angle  deflection  part  of  Equation  5-43  describes  a diffusion 
process  in  pitch-angle  space  (for  a further  discussion  of  pitch-angle  dif- 
fusion see  Sec  ion  5.  5 5). 


The  coefficients  cfT/dt  and  D are  both  extremely  sensitive  to  M© 
the  atmospheric  cutoff.  It  is  primarily  this  fact  that  has  prohibited 
analytic  solution  of  Equation  5-43;  the  solution  has  been  generally 
through  numerical  computations  (References  10,  35,  36,  40,  and  41), 
The  results  of  a sample  calculation,  assuming  injection  strongly 
concentrated  at  one  energy  and  pitch  angle,  are  shown  in  Figure  5-5, 

In  the  figure,  injection  into  the  trapped-radiation  belts  was  concentrated 
at  an  equatorial  pitch  angle  0(^  - arc  cos  - arc  cos  0.2  5 and  a kin- 
etic energy  of  T-  1.5  MeV.  The  successive  views  represent  snap- 
shots" at  the  times  90,  190,  365,  and  900  days  after  the  initial  injec- 
tion event.  The  flux  intensity  j(cm“^sec '^MeV'^ster'^)  is  given  as 
a function  of  /i  and  kinetic  energy  T.  The  effect  of  collisions  is  to 
broaden  the  distributions  and  degrade  the  energy.  Eventually,  of  those 
injected  at  an  intermediate  pitch  angle,  the  only  trapped  particles  re- 
maining have  mirror  points  near  the  equatorial  plane. 


Below  La:  1.25,  agreement  of  theory  and  observation  leaves 
little  doubt  that,  during  periods  of  weak  geomagnetic  activity,  elec- 
trons are  lost  primarily  through  atmospheric  collisions.  The  elec- 
tron fluxes  resulting  from  the  Starfish-high-altilude  nuclear  explosion 
decayed  by  as  much  as  an  order  of  magnitude  within  the  first  few  days. 
During  this  time,  several  competing  loss  mechanisms  may  have  been 
effective.  After  several  weeks,  the  major  irregula r itic? s in  the  pitch 
angle  distributions  disappeared  and  the  decay  leveled  off  to  a nearly 
exponential  behavior.  By  that  time,  the  exponential  decay  rates  were 
about  the  same  everywhere  on  any  L-shell.  Observed  and  predicted 
decay  rates  are  shown  later  in  this  section  (Figure  5-13). 

Above  L as  1 . 25,  the  decay  after  several  weeks  was  exponential 
but  the  observed  fluxes  lay  somewhat  above  the  theoretical  predictions. 
This  seems  to  imply  either  an  additional  steady  source  of  electrons  or 
displacement  of  electrons  toward  lower  L-shells  (Reference  42).  Dif- 
fusion of  particles  across  L-shells  seems  to  be  the  likeliest  explana- 
tion. This  topic  is  discussed  in  Section  5.4. 

In  the  outer  part  of  the  trapped  radiation  belts,  intensity  variations 
occur  over  short  time  intervals  that  cannot  be  reconciled  with  slow 
diffusion  and  atmospheric  loss.  Lifetimes  of  some  outer-beit  particles 
may  be  as  short  as  several  days.  Although  the  depletion  of  trapped - 
particle  belts  through  atmospheric  collisions  is  always  effective,  ad- 
ditional loss  processes  of  comparable  importance  must  be  considered. 
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5.3  IInIJECTION  of  TRAPPED  PARTICLES 
THROUGH  NUCLEAR  DECAYS 

5.3.  1 Injection  of  Trapped  Particles 

The  source  term.  q(T , fJ^) , in  Equafioi’  S-34  represents  the  in- 
stant.ineous  appearance  of  trapped  particles  with  a ^iven  enerfiy  and 
pitch  angle.  Charged  particles  may  he  introduced  in  many  ways — as 
products  of  fission  fragment  decays  (the  decay  of  fission  fragments 
is  discussed  in  Si'ction  12;),  as  products  of  n<-utron  aecays,  aa  products 
of  ionization,  ci  as  products  of  chargi'-transft^r  r<-at  tions  (h  etween 
atoms  and  ions)^  The  decay  of  a neutron  leaves  behind  a fast  proton 
and  a fast  electron.  This  mechanism,  which  will  be  dis'.ussed  in 
Section  5.  3.  4,  therefore  would  appear  a likely  source  rjf  eithei  kind 
of  trapped  particle. 


Tht  rate  of  injection  q(T.  p.  S.  if) ) generally  depends  not  only  on 
energy,  T , and  pitch  angle,  p,  but  also  on  location  on  the  field  line, 
S,  and  on  azimuthal  angle,  4)  , referred  to  the  field  line.  The  rate 
of  increase  in  f(  T , p , S)  (averaged  over  0)  due  to  injection  in  a 
segment  6S  of  the  field  line  is 


df(T,  p,  S) 
dt 


4 p.S,tt)d(()j6S 
trpvt^ 


(S-45) 


Note  the  factor  p in  the  denominator  — isotropic  injection  does  not 
result  in  isotropic  trapping.  With  the  aid  of  Liouville's  equation 
(Equation  3-84)  the  rate  of  increase  in  fQ(T,  p^)  at  the  equator  duo 
to  injection  everywhere  on  the  field  line  can  be  found.  The  result  is 


df(T,  p ) 
o 

dt 


(5-46) 


The  integration  must  follow  a particle  trajectory.  If  the  injection 
rate  is  independent  of  4>,  the  rate  of  increase  is  just  qCT , P^),  ao 
discuusea  in  Sectior>  5.4.4. 


5.3.2  The  Cosmic  Ray  Albedo  Neutron  Theory 
of  Trapped  Radiation  Belt  Formotion 

The  albedo  neutron  theory  of  the  trapped  particle  belts  may  be 
briefly  outlined  thus  (References  11,  14,  43,  and  44);  t.osmic  rays 
colliding  with  atmospheric  nuclei  produce  neutrons;  some  of  these 
neutrons,  the  albedo  neutrons,  leave  the  '.tmosphere,  whereupon  they 
decay  leaving  in  their  place  charged  particles  that  can  be  trapped. 

The  expected  numbers  of  trapped  particles  depend  on  the  rates  at 
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which  neutrons  leave  at  the  top  of  the  atmosphere.  The  outgoing 
neutron  flux  is  very  uncertain  though  it  appears  that  a substantial 
portion  of  the  high-energy  trapped  protons  below  L «=  1 . S may  be  ac- 
counted for  by  decay  of  albedo  neutrons  (References  11  and  12). 

Neutrons  are  produced  by  cosmic  rays  in  (p,n)  and  similar  reac- 
tions (References  4S  and  46).  The  neutrons  may  decay  in  flight,  with 
a half  life  of  about  11  minutes  or,  more  probably,  may  bo  lost  in 
atmospheric  collisions  (Reference  47).  Very  few  neutrons  reach  low 
enough  altitudes  that  they  can  be  easily  detected.  Direct  observations 
of  fast  neutron  fluxes  is  hindered  by  experimental  difficulties  so  the 
neutron  flux  at  high  altitudes  ia  poorly  known.  Most  estimates  of  albedo 
neutron  fluxes  have  been  derived  from  the  basic  processes  affecting 
r.eutrons  rather  than  from  extrapolations  of  observations  (References 
46  and  48  through  52).  The  number  escaping,  which  is  not  a large 
fraction  of  the  number  produced,  is  therefore  very  uncertain. 

High-energy  neutrons,  say  at  kinetic  energies  greater  than  50  MeV, 
are  deflected  only  slightly  in  the  atmosphere.  Therefore,  the  fast- 
neutron  component  of  the  albedo  flux  escapes  nearly  tangential  to  the 
horizon — being  produced  by  cosmic  rays  with  paths  that  do  not  inter - 
t ict  the  earth's  surface.  The  angular  spread  of  the  emergent  beam 
of  neutrons  is  determined  primarily  l.y  the  angular  distribution  of 
particles  produced  in  cosmic  ray  '"stars"  (Reference  45).  Fast 
secondary  particles  in  turn  may  interact  with  other  .itomic  nuclei; 
about  three  fourths  of  all  neutron-generating  interactions  are  due  to 
secondary  particles.  Most  of  the  albedo  neutrons  with  kinetic  energies 
greater  than  1 GeV  are  in  a beam  less  than  10  degrees  wide.  Only 
below  60  MeV  is  the  width  of  the  beam  more  than  60  degrees. 

There  is  a latitude  variation  in  the  energies  of  cosmic  rays  which 
can  penetrate  the  c^mosphere;  this  is  a consequence  of  the  fact  that 
cosmic  rays  cannot  enter  the  forbidden  regions  discussed  in  Section 
3.  2.  3.  At  latitudes  beyond  60  to  70  degrees,  solar  cosmic  rays  can 
penetiate  the  atmosphere  and  contribute  to  the  neutron  albedo.  The 
kinetic  energies  involved  arc  moderate,  10  to  100  MeV,  and  the 
neutron  production  rates  are  expected  to  vary  throughout  the  1 1 -year 
solar  cycle.  Neutrons  are  produced  nearly  isotropically  in  the  center 
of  mass  reference  frame.  The  angular  distribution  of  albedo  neutrons 
is  therefore  fairly  broad  (References  11  and  12). 

Each  neutron  decay  releases  a proton  with  a kinetic  energy  nearly 
equal  to  that  of  the  neutron.  High-energy  protons  can  be  injected 
only  when  the  projection  of  the  initial  velocity  vector  is  tangent  to  the 
top  of  the  atmosphere.  The  rate  of  injection  can  be  approximated  by: 


(S-47) 
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where  TJ  is  the  fraction  of  the  trajectory  over  which  injec  tion  is  pos- 
sible and  q is  an  equivalent  isotropic  injection  rate.  Figure  S-6 
shows  how  the  pirrh  angle  cone  of  halfwidth  0(p  at  any  point  on  a 
field  line  intersects  the  earth's  atmosphere.  Only  within  the  shaded 
strip  of  the  figure  can  neutrons  be  emitted  (from  the  top  oi  the  at- 
mosphere) that  can  decay  at  point  P,  thus  reh>asing  protons  with  the 
pitch  angle  Op.  Some  pitch  a.ngle  cones  intc-rsect  the  earth  at  all 
azimuthal  angles;  others  do  not  intersect  the  earth  anywhere  (e.  g.  small 
pitch  angles  near  the  equator.  It  >s  evident  that  only  a very  small 


Figure  5-6.  The  intersection  of  o pitch  angle  cone  with  the  earth's  surface. 
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Figure  S-S. 


Energy  dependence  of  average  albedo  neutron  injection  coefficient 
(References  11  and  12).  Above  T 50  MeV,  the  effect  of  the  finite 
width  of  the  albedo  neutron  beam  is  included.  The  pitch  angle 
dependence  is  nearly  the  same  as  in  Figure  5-7. 
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The  hi};h -energy  protons  of  the  lower  trapped  radiation  belt  are 
fairly  well  accounted  for  by  the  albedo  m-utron-decay  theory  (Ref- 
erence l.i).  The  slope  of  th«>  obs»-rved  energy  spectrum  above  50 
MeV  is  niatched  well  by  the  predicted  spectrum  (Sec  tion  -1.4).  Some 
recent  studies  combining  nc-uiron  decay  and  ratiial  diffusion  are  dis- 
cussed in  Sec  tion  5.  4. 4.  At  lower  kinetic  energies,  the  numbers  of 
trapped  protons  are  much  tocj  great  to  bc>  attributed  solely  to  dc>cay 
of  fast  neutrons.  The  low-c-nergy  albedo  nc-utrons  produced  by  solar 
cosmic  rays  might  yield  apprec  iable-  numbers  of  low-enc-rgy  protons. 
How-ever,  these  solar  cosmic  ray  albc-do  nc-utrons  cannot  reach  the 
c-quator  at  low  altitudes;  they  cannot  be  responsible  for  an  enhance- 
mc-nt  of  trapping  of  protons  with  large  pitch  angles. 

LOW  ENERGY  ALREDO  NEUTRONS.  High-energy  trapped  protons 
can  be  attributed  to  decays  of  fast  neutrons.  The  .same  source  is  rela- 
tively ineffective  in  producing  tr.apped  electrons;  the  low-energy  trappeei 
electron  number  density  is  nearly  everywhere  much  larger  than  the 
trapped  proton  density.  It  has  been  suggested  that  the  electrons  could 
be  injected  by  low-energy  albedo  neutrons  (References  43  and  44).  How- 
ever, neutrons  with  kinetic  energies  below  1 MeV  are  deflected  appre- 
ciably within  the  atmosphere.  For  that  reason,  considering  a diffusion- 
type  problem  is  necessary  to  obtain  the  albdeo  flux. 

For  any  quantity  that  is  transportc-d  through  a matc-rial  mt-dium, 
in  this  case  j (the  number  of  neutrons  per  square-  c i- ntime-te r pc-r 
ster  per  sc-<  ond),  a Bolt/.mann-typc.-  c-qu,ition  can  be-  formulatc-d.  The 
Boltzmann  c-quation  (Equation  3-91)  give-s  the  rati-  of  change-  of  a 
number  di-nsity  in  a volume-  c-lc-mc-nt  that  follows  the-  flow.  The  ge-n- 
eral  transport  equation  for  j in  a pla  nc  - layc- r ed  medium  (Reft-ri-ncos 
5 3,  54 , and  5 5 ) is 


^ + i(T,C,h)  :.C7(^,C) 

dh 

® 1 

= q(T.  C,  h)  ^ d'^'f  dC'  )(T',  C'.  h)  oCT(T',  h)  W(T',  C' 

T ••  1 


{‘^-4:1) 

T.'c) 


• here  h is  the  di-pth  mea.-curc-cl  perpendic  ular  'o  the  layi-r.':.  The 
first  term  on  the  left  enotes  the-  rati-  of  drpli-tior.  (or  augmentation) 
of  a strc-.ini  of  particTes  moving  at  an  angle-  arc  cos  C from  the  norrn.il 
to  the  pl.ane  (note  the-  .similarity  to  Equation  '^-'’4  whe-n  Z is  ri-plac  c-d 
by  p ).  The-  second  tc-rm  is  the-  rate-  of  loss  by  collisions.  O is  the 
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total  cross  section,  and  n is  the  number  density  of  scatterers. 

P "r'cles  are  added  lo  the  stream  by  a source  of  stren>>ih  q.  or  by 
scuiiering,  with  a fractional  probability  W,  froiri  all  other  energies, 
T and  angles,  arc  cosine  Q'.  Slow  neutrons  scatter  almost 
isotropically,  in  which  case  the  scattering  probability  is  equal 

to  the  product  of  a constant  as  iwhich.  of  course,  rnust  be  less  than 
or  equal  to  a ) and  W (T ' - T ). 


When  Equation  5-48  is  integrated  over  , a simplified  equation  is 
obtained  in  terms  of  the  omnidirectional  neutron  flux  .1  and  the  flux 
across  a constant -h  surface  K (Section  t.5.4;  Reference  51): 

4ff  + J(T)  nC  = Q(",h)  + " dT' J(T')  na  W(T'-")  (5-49) 

on  "t,  s 

where  Q now  represents  an  average  source  strength; 

1 r 

Q(T.h)  r.  - I dCqCr,  C.h)  . (5-50) 

-1 

Equation  5-49  can  be  solved  by  standard  nuna-rical  methods  (Ref- 
rences  48,  53,  54,  55,  and  56). 

Equation  5-49  has  a form  that  restmibles  a conventional  diffusion 
equation.  In  the  lower  atmosphere.  wher<'  the  mean  path  Ic-ngths 
are  so  short  that  j is  nearly  independent  of  Z,  the  first  term  in 
Equation  5-49  may  be  r<-placed  by 


n i^  .1  diffusion  ^ ot.'ffic  ient  (R<'f<M‘enc»’s  46,  51,  5,i,  and  54).  Pn- 
I'  oiately,  thi  free  paths  of  neutrons  near  the  top  of  the  ,i  ti  losphe  re 
ari-  large  (ompared  with  other  dimensional  pa  rann-ter  s . Consequently, 
the  anisotropies  are  great  enough  that  the  diffusion  equation  solution 
does  not  give  entirely  reliable  results  for  the  flux  .it  the  top  of  thi- 
atmosphere  . 

'r.  additional  i oniplii  ation  is  that  neutrons  of  energie.«  much  less 
than  ' i-V  cannot  leave  the  earth's  gravitational  lield.  This  h-as  the 
effec;  of  iiu  reasing  the  rate  of  nejtron  decays  near  the  earth,  though 
•he  albedc)  is  diminished  only  slightly  (Reference  4(i). 


-5 
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Various  solutions  to  ihe  neutron -transport  proVjlom  have  appeared. 
They  arc  all  normalized  to  measured  fluxes  of  neutrons  of  cosmic 
rays  obsr-rved  at  low  altitudes.  Tigure  shows  computed  rates  ol 
neutron  decays  near  the  earth.  Th^sc  should  be  tht  same  as  the  rates 
of  electron  injection  (References  44,  45,  and  46).  The  electrfjns  re- 
leased from  slow  neutron  decays  above  the  atmosphere  are  injected 
into  the  trapping  regions  nearly  isotropically. 


Albedo  neutron  decay  is  definitely  inadequate  as  the  sole  source  of 
trapped  electrons  (References  35,  43,  and  44).  Additionally,  it  is 
significant  that  the  energy  spectrum  of  trapped  electrons  is  much 
different  from  that  of  the  neutron  decay  component  (Reference  57). 

5.4  NONCONSERVATION  OF  THE  THIRD 
ADIABATIC  INVARIANT 

5.4.1  Hydromagnetlc  Stability  of  Trapped  Radiation 

Simple  two-particle  interactions  are  inadequate  to  explain  all  tht? 
observations  relevant  to  trapped  particle  sources  anti  losses.  The 
reir.ainder  of  this  chapter  is  co.ncerned  with  the  I'ffei  ts  of  plasma 
oscillations  and  collective  behavior  of  large  nu.nbers  of  particles. 

A first  consideration  is  whether  'he  trapijed  radiation  belts  are 
always  stable  against  gross  instabilities,  primarily  involving  viola- 
tion of  the  third  adiabatic  invariant  4>  . 

The  J X B term  in  the  mechanical  force  equatioi.  (Equation  ^-100) 
can  be  simplified  readily  with  the  aid  of  Maxwell's  Equations  (Equa- 
tion 3-lOH).  The  result  is 


V.  ^ 

H It  4 tr 


(5-51  ) 


The  expression  on  tlie  right  Equation  5-5]  may  be  identifu-d  with 
the  d.vergi-nce  of  thi-  Maxwell  stress  tensor  (Referetu  i>  56): 
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The  meclianical  force  equation  then  can  he  written  in  the  concise  form: 


S V * 

P--  -V.(T 


(S-5^) 


The  magneto-mechanical  stresses  are  equivalent  to  ..  pressure 
R'^ /Xtr  transve  r se  to  the  field  lines  and  a tension  B^/8lT  along  the 
field  lines  (References  32,  58,  and  59). 

The  ratio  of  the  transverse  particle  pressure  to  the  magnetic  pres- 
sure is  a useful  criterion  of  the  relative  importance  ol  parf  'les  versus 
field  (Reference  60).  If  the  ratio 


[all  pa  rtic  le  s I 


(5-34) 


is  much  greater  tiia."'  e.nity,  the  medium  behaves  as  a classical  fluid 
and  the  magnetic  Held  has  little  effe;  t on  the  gross  motion.  Con- 
versely, if  /9p  is  ('xtremely  small,  so  little  energy  is  conta.  ned  in 
the  particles  that  the  effects  of  collective  behavior  are  likely  to  be 
insignificant.  W'nen  ffp  is  computed  for  observed  naturally  trapped 
particles,  the  result  is  generally  much  less  I'nan  1 . If  jSp  'in  any  part 
of  the  radiation  belts)  shouR*  ever  exceed  about  0.  1 , the  radiation 
belts  would  very  likely  exhibit  all  the  types  of  plasnta  instabilities  ob- 
served in  mirror  machines  in  the  laboratory  (References  60.  61.  and 
62). 

The  parameter  is  nearly  the  ratio  of  particle  kinetic  energy  to 
magnetic  field  energy.  The  magnetic  field  energy  contained  within  a 
narrow  range,  6 L,  of  L shells  between  the  twe  conjugate  intersectio’'s 
with  the  atmosphere  is 


14  4 


•/  L-l  6 1 


(5-55) 


The  total  integrated  magnetic  energy  between  t'uc  Caith's  surface  and  a 
shell  of  field  lines  is  she”  a in  Figure  5-10.  (The  unit  of  energy  in  the 
figure  is  equivalent  megatons  of  TNT  explosive  energy;  1 M~  = 4.2  X 
10^^  erg.  ) The  total  kinetic  energy  of  the  particles  trapped  within  an 
L shell  is  not  expected  to  appreciably  exceed  the  magnetic  field  energy. 
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Usually  y3p  varies  considerably  along  a field  line,  although  in  most 
observed  cases  of  distributions  stable  over  periods  of  days,  the  largest 
/3p  is  generally  at  the  equator.  The  largest  )3p  can  be  used  to  estirr,a;.e 
the  saturation  fluxes  for  any  assumed  pitch-angle  distribution.  A rea- 
sonable upper  limit  for  /3p  might  be  somewhat  less  than  1-perhaps  of 
the  order  of  0.  1 . The  limit  on  j3p  is  invoked  in  Section  7.3.2  to  pre- 
dict the  maximum  trapped  fluxes  that  might  occur  following  a high- 
altitude  nuclear  detonation. 


If  all  the  trapped  particles  are  assumed  to  have  the  same  energy, 
the  niaximum  )3p  can  be  computed  for  a pitch-angle  distribution  of  the 
form  (this  is  very  nearly  the  distribution  which  would  result  from 
pitch-angle  diffusion  alone  on  moderate  and  higVi  L-shells;  see  also 
Section  5.5.5  and  the  following) 

- M ) } ImI 


(5-56) 


24n  t , ?■ 
n+  -r 


^ 0 } iui  > 


The  omnidirectional  f’.ux  in  the  equatorial  plane  is  J^.  For  all  n ^ 0, 
the  minimum  )3p  occurs  at  the  equator.  The  maximum  flux,  in  terms 
of  the  assumed  pressure  ratio,  is 

= IkIr.  / [I  • ul  8/(6+n){4+n)]  (5-57a) 

8itlS 

^7.25X10^^ — tiLHiilin) 

p(MeV/c)  ((,  + „)(  44  n).  8]  + 8L^/V4-3/L 


(5-57b) 


where  the  atmospheric  cutoff  has  been  substitute  1 for 


5.4.2  Interchange  Instability  In  the 
Outer  Trapping  Regions 

A plasma  may  be  expected  lobe  ronfini-d  by  o rnngnetir  field  that 
provides  a sufficicrtly  great  magnetir  pre-.ssure  on  the  exterior  to 
counteract  the  particle  pressure  of  the  plasma  that  is  seeking  to 
escape.  This  is  not  always  possible,  though.  The  instability  that 
results  if  two  fluids  (in  the  present  case,  a plasn-.a  and  a magnetu 
field)  can  exchange  positions  with  a consequent  dei  rease  in  total 
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energy  is  known  as  the  Rayleigh-  Taylor  instability  (Roferenco  ->8). 
This  instability  is  well  known  from  i-arly  laboratory  st'.idi<  s whi-rc 
it  V.  a s tallttl  the  fluting  or  into  rrhangi-  m sta  hi  1 ity  inrausc  a plasma 
htjunflary  ti  nds  to  break  up  into  gro'ivis  'ir  ' flutos"  as  thi-  plasma 
leaks  out.  carrying  along  the-  fie  ld  lirn-s  (Ri-fi-ri-ta  i s oh,  hi,  ane!  h'). 
G'.t.c  rally,  whcmcvi-r  field  lines  at  the  plasma  bounciary  an-  convex  tci 
thc'  c-utc;  ricir,  an  instability  results  {Rc  fc  rcuu  c- 


The  criterion  for  stability  at  an  interior  point  is  rather  compli- 
cated. Though  the  field  lines  may  be  convex  in  a direction  toward 
which  the  particle  density  decreases,  the  plasma  may  be  stable 
everywhere  except  on  the  extreme  outer  boundary.  The  plasma  par- 
ticle pressure  in  the  exterior  region  may  be  greater  than  the  interior 
pressure:  the  growth  of  instabilities  thereby  is  restrained. 

The  total  energy  of  all  the  particles  on  a field  line  is  proportional 
tc)  j'H(M,J,0',/3)f(M,J,H)d  MdJ  where  H is  the  Hamiltonian  anv'  M 
and  J are  thc  first  two  adiabatic  invariants  (References  64,  6S,  and 
66).  The  Euler  potentials,  O and  $ (Section  5.4.  1),  are  especially 
useful  in  treating  hydromagnetic  stability.  The  plasma  is  stable  only 
if  any  exchange  of  two  field  lines  and  their  associated  trapped  particles 
results  in  an  increase  in  the  total  energy.  With  thc  assumptions  that 
the  adiabatic  invariants  M and  J are  preserved  and  that  the  Hamiltonian 
depends  on  only  one  spatial  coordinate  Ct  , thc  necessary  and  sufficient 
criterion  for  stability  (Reference  66)  is 


(S-58) 


Thc  notation  (d/dH)(y^j  refers  to  a partial  derivative  in  which  M 
and  J are  held  fixed.  Often  the  sufficiency  criterion  alone: 

(fp)  0 jail  M,J  (5 

^ bVl . J ) 

need  be  considered. 


(5-59) 


The  stability  criterion  would  be  satisfied  for  almost  any  particle 
distribution  if  a minimum  with  respect  to  Ol  and  ^ existed  in  H . All 
the  partic  les  in  such  an  energy  well  would  have  minimum  energy  and 
escape  from  the  well  would  not  be  possible.  In  a dipole  field,  no 
energy  wells  occur,  so  examining  thc  details  of  the  distribution 
function  is  necessary  to  determine  whether  Equation  5-59  is  satisfied. 

T'lie  assumption  that  f depends  only  on  one  spatial  coordinate  is 
entirci/  justified  for  a geomagnetic  fiiTd  that  has  a high  degrc-c  cif 
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axial  symmi-try.  The  particle  distribution  function  must  be  r»'!ated, 
however,  to  the  distribution  in  1,  or  T,  IJ,  L coordinates  if 

meaninj'ful  cr  nparisons  are  to  be  made  '•  ith  actually  observed  par- 
ticle fluxt'S  or  intensities.  .Some  of  the  details  of  the  transformation 
are  f>ivee.  bei  ause  the  intermediate  results  may  be  of  general  utility. 


The  distribution  function  f can  be  replaced  by  N(M,  J,Of),  the 
number  crossing  the  equator  per  unit  magn<>tic  flux,  dOfdjS.  The; 
total  number  of  particles  per  energy  interval  and  per  inti-rval  in 
a magnetic  flux  tube  of  cros.s  section  R^^dR^^d^  is 

N(T,  M ,R)RdRd0=JN(M,J,a)dcrd/9.  (5-6  0) 

o o o o 

Tl'.e  adiabatic  invariants  are  related  to  energy  and  pilch  .ingle  through 
the  Jacobian 


_ o(M,  J) 

^ (T . ) 
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- .M  ^ .1  M ±J 
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. -p-  R M S(M  } (5-62) 

B o o o 

o 

where  S(M^^)  is  just  vlj^/R^  , as  dcfinc.-d  in  Equation  5-47.  Now  the 
coordinate  /9  may  be  chosen  equal  to  0 , the  azimuthal  angle  or  lon- 
gitude. The  corresponding  O is  on  the  equator,  where  the 

magnetic  flux  element  is 

da  d jS  = B R d R d0  . (5-6 5a) 

o o o 

The  relation  between  lh«-  previously  defined  two  distribution  func- 
tions IS 

N(T.  M . R ) ^ R ypM  S(IJ  ) N(M.  .1,  a)  . (5-65b) 

o o o o o 

The  left-hand  side  of  '.quation  5-65b  is  relalefl  to  the:  intensity 
(Equation  5-44g  The  relation  bt.-lween  intensity  ..nd  total  number  rjf 
triipped  partic  les  retluc  es  to  (R'  ferences  6b  and  65): 
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The  partial  derivative  with  respect  to  H in  the  stability  criterion 
can  be  replaced  with  a partial  derivative  with  respect  to  Rq  by  the 
(not  obvious)  relation  (Section  3.4.  1;  Reference  67): 


B R 
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±_ 

& a 


B R 

o 


(5-65) 


However  is  juat  the  azimvithal  drift  velocity;  therefore, 

(e/c)d/3/dt  is  always  negative  regardless  of  the  sign  of  the  electri- 
cal change.  Finally,  the  interchange  stability  criterion  (Equation 
5-59)  is 

)>  0 I all  M,  J . i-66) 

M,  J ) 

In  the  natural  trapped  radiation  belts,  moat  of  the  energy 
retained  by  fast  protons.  If  the  protons  by  themselves  are  stable, 
the  trapped  electrons  should  not  bo  able  to  overcome  the  inertia  of 
the  protons.  It  is  probably  safe  to  assert  that  the  entire  trapp«:d 
particle  belts  are  stable  against  interchange  of  field  lines.  The 
proton  intensities  are  not  well  known  for  all  values  of  M;  however, 
all  the  available  data  indicate  that  the  natural  trapped  radiation  is 
stable  as  far  out  as  L =»  5 to  6 (References  67  through  71).  That 
N(M,  J,Oi)  increases  with  radial  distance  may  be  taken  as  good  ev- 
idence that  particles  are  being  added  continually  from  outside 
(Reference  70).  If  particles  were  not  continually  added,  the  outer 
boundary  would  be  subject  to  instabilities  and  the  consequent  loss  of 
particles  would  lead  to  a reversal  of  the  gradient  (Equation  5-66). 


The  artific  ial  f:lectron  belts  resulting  from  the  Starfish  high- 
altitude  nuclear  explosion  are  ai  other  matter  entirely.  When  a sim- 
plified model  of  the  artificial  electron  distribution  is  constructed  and 
S(Jq/P^)/9L  is  integrated  over  J,  the  necessary  stability  criterion 
(Equation  5-58)  clearly  is  not  satiefied  (Reference  69).  The  results 
of  such  a computation  arc  depicted  in  Figure  5-il.  How  a plasma 
behaves  following  the  onset  of  instability  is  not  very  well  understood. 
If  indeed  the  electrons  are  subject  to  instability  and  the  resulting 
hydromagnetic  motion  preserves  M and  J,  then  electrons  might  be 
expected  to  move  outward  with  a softening  of  their  emergy  spectrum. 
A softening  of  the  energy  spectrum  of  the  Starfish  trapped  electrons 
may  have  been  observed,  though  an  interpretation  on  the  basis  of 
hydromagnetic  instabilities  is  uncertain  (Reference  69). 
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Figure  5-11.  The  stability  function,  integroted  ovnr  J,  the 

second  adiabatic  invoriont,  for  the  Starfish  trapped  *»lectron 
belts  (Reference  69). 


The  preceding  discussion  of  hydromagnetic  stability  was  incom- 
plete because  currents  flowing  in  the  ionosphere  were  ignored.  In 
the  trapped  radiation  bolts,  the  field  lines  are  effectively  "frozen” 
into  the  .naterial.  If  an  entire  field  line  is  to  exchaiige  its  position 
with  another,  the  finite  transverse  conductivity  in  the  ionosphere 
results  in  a relative  motion  of  material  and  field  lines  at  the  lower 
ends  of  the  lines.  Equations  3-100  and  3-101  relate  the  velocity  with 
which  field  lines  are  dragged  through  a plasma  to  the  induced  cur- 
rents ; thus ; 

K 

[ j = a • V X B (5-67) 

I • 

^ where  O is  the  conductivity  icnsor.  Substituting  this  in  Equation 

3-100,  however,  gives  a force: 

i 

I 

■ r 
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F = (a  - vXB)XB  (5-68) 

contrary  to  the  direction  of  motion.  This  force  is  thoujjht  to  be  ad- 
equate to  restrain  the  field  lines  and  prevent  interchange. 

The  stability  of  the  carih's  radiation  belts  retaining  the  '’lectric 
fields  induced  by  plasma  n.otion  in  the  ionosphere  has  been  analyzed 
(Reference  71).  The  energetic  trapped  protons  can  be  stabilized  by 
the  ionospVieric  conductivity  during  the  day,  even  if  the  simple  stabil- 
ity criteria  were  violated.  At  night,  wher  ionospheric  electron 
densities  are  low,  the  ionosphere  cannot  be  very  effective  in  prevent- 
ing instabilities. 

' 4.3  Radial  Motion  of  Trapped  Particles  os  a Consequence  of 
Nonodiabotic  Behavior— -Resonant  Accelerotion 

The  interchange  instability  leads  to  nonconservation  of  the  third 
adiabatic  invariant,  4 . If  the  instability  occurs  in  a dipole  field, 
trapped  particles  tend  to  move  outwards,  initi.ally  preserving  the 
adiabatic  invariants  M and  J . But,  the  stability  criterion  (Equation 
5-67)  now  seems  to  be  well  satisfied  in  the  trapped  radiation  belts. 
The  interior  (particle)  pressure  is  counterbalanced  by  more  than 
sufficient  exterior  (particle)  pressure  so  that  any  miring  of  particles 
on  different  L-shells  might  be  expected  to  result  in  particles  being 
transported  inward  by  diffusion  (References  68,  70,  and  74  through 
75).  In  fact,  any  process  that  involves  nonconservation  of  • couk 
result  in  inward  (or  outward)  motion  of  trapped  particles.  Here  then 
is  a relatively  uncomplicated  mechanism  for  maintaining  the  radiation 
belts  againnt  atmospheric  and  other  losses.  Enough  particles  exist 
in  the  solar  wind  to  supply  all  the  trapped  particles,  provided  they 
can  get  down  to  low  enough  altitudes. 

Invariance  of  ♦ requires  that  n>agnetic  and  electric  fields  do  not 
change  appreciably  within  the  particles'  drift  periods  (Section  3. 
References  64  and  65).  If  the  fields  fluctuate  in  a regular  fashion, 
some  particles  possibly  can  be  accelerated — somewhat  as  particles 
are  accelerated  in  a cyclotron  or  betatron.  Several  instances  have 
been  noted  in  which  a recurring  geomagnetic  fluctuation  apparently 
resulted  in  acceleration  of  trapped  electrons  (References  69  and  76). 

The  requirements  for  an  accelerating  field  seem  to  he.  met  by  a 
coherent  worldwide  magnetic  variation  with  periods  of  about  1 hour, 
sometimes  referred  to  as  Dp2  or  DP2  variations  (References  77  and 
78).  Intense  groups  of  nearly  monoenergetic  electrons  in  the  lower 
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radiation  belt  were  observed  to  be  associated  with  several  such 
fluctuations  (Reference  76).  The  drift  periods  of  these  electrons  were 
similar  to  the  periods  of  the  fluctuations,  which  exhibited  several 
complete  cycles. 

Whenever  the  magnetic  fluctuation  fields  are  known,  the  electric 
fields  in  the  ionosphere  can  be  derived  with  the  aid  of  known  ion- 
ospheric conductivities.  The  majority  of  the  electric  field  in  the 
DP4  flue tuation.s  appears  to  be  a curl-free  field  (7  x E = 0)  — derivable 
from  a potential  field  (References  78  and  79).  Conductivities  along 
field  lines  are  very  large,  which  in  turn  leads  to  potential  gradients 
that  arc  neaily  transverse  to  the  field  above  the  ionosphere.  Oiie 
component  of  the  electric  field  will  be  in  an  azimuthal  (0)  direction. 
This  component  is  primarily  responsible  for  particle  acceleration 
(Reference  76).  A particle  with  the  proper  drift  period  and  phase  i:< 
in  resonance  and  experiences  an  accelerating  force  on  each  circuit 
of  the  earth.  The  situation  is  not  exactly  equivalent  to  the  accelera- 
tion of  charjfed  particles  in  a cyclotron.  Instead,  a particle  drifts 
irward  and  the  resulting  increase  of  kinetic  energy  is  a consequence 
of  conservation  of  M and  J . 

TRAJECTORIES  OF  PARTICLES  CONSERVING  ONLY  THE  FIRST 
AND  SECOND  ADIABATIC  INVARIANTS.  If  the  first  and  second  adia- 
batic invariants  are  preserved,  this  simple  relation  (Reference  80): 


results  from  Equations  3-46,  3-75,  and  3-76.  J(0(p)  is  just  that  part 
of  J that  clep<-nds  on  the  pitch  angle.  Equation  5-69  relates  the  equa- 
torial pitch  angle  to  the  flux  invariant  Equation  5-69  alter- 
natively may  be  rega’^ded  as  a relation  between  I,  and  the  pitch  angle: 


= ^°e‘"e 


(S-70) 


Once  L and  O;  ,are  known,  the  mirror  fi«'ld  R „ can  be  found  im- 
mediately.  Since  M i.s  assumed  constant,  the  momentum  squared 
must  be  proportional  to  a trapped  particle  moves  across 

I.- shells.  Numerical  relations  between  L,  Of^,^  , and  B^_  arc-  given 
in  Figures  3B-15  through  3B-19.  Those  figures  arc  plotted  for 
arbitrt  ry  values  of  the  parameter  = <dI‘^B,.p  . 
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Of  course,  the  distribution  function  N(M,J,0()  is  conserved  for  i 
j^roup  of  particles  that  moves  inward  or  outward  together  with  changes 
in  the  geomagnetic  field  (this  is  because  the  flux  dad/3  is  conserved). 
The  intensity  therefore  is  seen  from  Equation  5-64  to  be  propor- 
tional to  momentum  squared. 

When  the  equatorial  pitch  angle  is  large,  the  mo.nentum  squared 
is  nearly  inversely  pr opo-tional  to  as  a particle  crosses  L-shells. 
For  mirror  latitudes  less  than  about  20  degrees,  the  momentum 
squared  is  nearly  (within  an  error  of  less  than  1 percent); 
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Or,  in  terms  of  the  initial  mirror  latitude  , 


(5-71) 


The  subscripts  1 refer  to  the  specified  initial  values. 


At  low  energies,  the  square  of  momentum  may  be  replaced  by  the 
kinetic,  energy.  Equations  5-71  and  5-72  then  give  directly  the  energy 
gain  or  loss  resulting  from  cross  L-shell  drift. 

5.4.4  Stochastic  Acceleration  and  L-Shell  Diffusion 

Most  geomagnetic  fluctuations  are  not  obviously  periodic  (except 
for  the  daily  variation).  They  arc  randomly  distributed  in  time,  with 
characteristic  periods  from  fractions  of  a minute  up  to  many  hours. 

A schematic  representation  of  the  power  spectrum  of  geomagnetic 
fluctuations  observed  on  the  earth's  surface  was  presented  in  Figure 
2-7. 

That  random,  isolated  magnetic  disturbances  can  cause  irrever- 
sible changes  in  the  particle  distribution  is  demonstrated  readily  for 
the  type  of  disturbance  known  as  a sudden  commencement.  During 
a sudden  commencement,  the  geomagnetic  ^^ield  is  rapidly  comoressed 
(Section  2.6.2),  especially  on  the  sunlit  side  of  the  earth.  Par\uies 
continue  to  drift  adiabatically  in  the  distorted  field,  but  now  r.  • 
that  were  previously  all  on  a single  L-shell  may  be  on  quite  d ff<'i  - nt 
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invariant  surfaces.  The  end  result  is  that,  if  ti..  con. pressed  fielrl 
is  released  sufficiently  slowly,  trapped  particles  will  be  spread  f)ver 
a finite  ranp-  of  L.-shells  (Reference  75).  Repeated  cornpres  sions 
and  expans. ons  of  the  geomagnetic  field  thereby  can  result  in  diffusion 
of  partic  les. 


Any  magnetic  field  fluctuation  with  a characteristic  period  near 
the  drift  period  can  cause  nonconservation  of  the  third  adiabatic 
invariant  ♦.arid  acceleration  of  particles.  The*  acceleration  of  a 
charged  particle  by  random  electromagnetic  field  fluctuations  is 
called  stochastic  acceleration  (References  73  and  81).  Again  (as  in 
the  treatment  of  particle  collisions),  a Fokki-r -Planck-type  i-quation 
is  useful  in  desc  ribing  a process  that  is  determined  by  the  outcomes 
of  many  random  i-vents.  The  Fokke r - Plane  k d ifl  usion  (?quatic,n,  for 
the  number  of  particles  trapped  in  a magnetic  flux  tube  at  R^  per 
unit  area  in  the  equatorial  plane  N(M,  J.R^),  .s  expected  to  be  of  the  form; 
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A .source  Q has  bi'cn  includ«’d  lu’re.  A oni- -di  me  n siona  I diffusion 
equation  is  valid  if  the  diffusion  prot  €'eds  with  a time  scale  that  is 
large  I onip.tred  to  .ill  other  lime  parameters.  If  .at  any  ptiint  ori  a 
field  line  they  .ire  transferred  to  another  field  line,  the  particles 
are  rapidly  "sniea  ri-d"  over  a new  invariant  .surface.  Only  on  very 
high  1, -shells  nei'd  the  invariant  .surfat  **s  be  specified  by  more  than 
one  p.irami'te  r.  In  ihi  extri-me  outer  radiation  belts , a two- 
dimensional  diffu.sion  ''quation  involving  i>r  1,  and  scime  other 
c oord  in.i  te  (svu  h as  piti  ii  angle  Of,j  or  mirror  point  field  Rpi)  would 
be  netessary  (References  JM,  HZ,  anti  Hf). 


A parlifular  solution  of-Equation  - 7 .1  i s av.-iil.ible  for  the  case 
when  the  distribution  func  tion  \’(M,.J.Qf,  is  con.stant  everywhere. 
Liouville's  theorem  must  apply  to  N.  It  is  only  necessary  that  par- 
ticles should  follow  dynamical  trajuctcries  ( need  not  be  conserved) 
in  order  that  N remain  unchanged  after  the  exchange  of  particles  be- 
tween two  invariant  surfaces.  The.  stability  criterion  (Equation  5-58) 
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guarantees  that  energy  is  not  lost  or  gained.  When  the  distribution 
function  B^R^NIM,  J.ft)  (Section  5.4.2)  is  inserted  in  the  Fokker- 
Planck  equation,  the  time  rate  of  change  must  be  zero.  A solution 
(References  28,  82,  86,  and  87)  is: 


The  relation  between  the  two  Fokke . -Plane k coefficients  should 
hold  when  sources  and  losses  are  included  in  the  diffusion  equation. 
Therefore,  only  one  coefficient  need  be  computed: 

D = j . (5-75) 


The  simplified  radial,  or  c roes -L.  diffusion  equation  may  be  re- 
written: 


The  motion  of  a particle  during  a geomagnetic  disturbance 
should  be  derivable  directly  from  the  equations  of  motion  of  an  in- 
dividual particle.  The  drift  velocity  is  perpendicular  to  the  field 
lin»‘S.  The  rale  of  change  of  must  be  a single -va luccl  function  of 
the  meridian  olane  component  of  the  dri't  velocity  Vjj  (References 
81,  84.  88,  89,  and  90): 


dR 
o 

dt 


3 sin  X 


Dfmeridian  plane!  3. 

c 08  X 


(5-77) 


where  X is  the  latitude  of  the  particle  at  the  instant  an  electric  field 
is  applied. 


The  diffusion  coefficient  D for  a dipole  field  may  be  computed 
after  breaking  the  disturbance  field  B into  symmetric  (S)  and  asym- 
metric (A)  parts: 


i 


B = [-  S(t)  cos  0 - A(t)  r s)n  26cos0j  r 

(5-78) 

+ [S(t)  sin  6 - A(t)  r cos^0  cos0]0  + [A(t)  r cosSsin^]^ 
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where  f,  6,  and  0 are  the  unit  vectors  in  an  ca rth -c entered  spherical 
coordinate  systr-m  and  6 is  the  polar  nn)>le  or  rolaiitudo.  The  spher- 
ical harmonic  expansion  of  Bj  has  been  terminated  at  the  first-order 
terms.  The  induced  electric  field  E),  associated  with  the  magnetic 
disturbance,  is  (Equation  3-107) 

- 1 I dA  ■ o ■ ^ 4 d A r,  . 

E , - -z  r — — sin  O sin  0 r - — r — — cos  o sin 

1 7 dt  7 dt 


0 6 


The  litjf  average  of  the  display  i nient  is  complicated;  the  computa- 
tion has  been  performed  with  the  result  (Reference  89): 


r |fL,X  )=4tr“(^f:tA  ) — — [i/'^p.(i')l  ,,  (■•«- 
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The  power  spectrum  is  I'valuated  at  th<-  tirift  frequency.  The  function 
r(X^)  is  presented  in  Figure  S-14.  As  might  have  been  expected, 
^[mag]  only  on  the  asymmetric  A part  of  th<-  fluctuations. 

Tne  magnetic  fluctuations  have  been  decomposed  by  Fourier  analysis 
so  that  the  power  spectrum  ,\(F)  is  the  Fourier  transform  of  the 
average  of  A(t)  A(t  t ): 

00 

Pa(F)  = .q  dt'  [ A(t)  A(  t + t'Tl  cos  4 ffl/  t'  . (5-81) 


the  flux  of  energy  transported  by  magnetic  fluctuations  between  tVie 

frequencies  F and  V + dF  is  proportional  to  P (F)dF  . 

A 


A similar  result  follows  for  curl-free  electric  fields.  When  the 
disturbance  field  Ej  is  everywhere  normal  to  the  static  magnetic 
field,  the  diffusion  coefficient  (References  84,  88,  and  89)  is 
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Figure  5-12.  Latitude-depender.r  part  of  the  rodiol  diffusion  coefficient 
(Reference  89) . 

The  power  spectrum,  here  an  explicit  function  of  L,  cor- 

responds to  the  k'th  component  of  the  harmonic  analysis  of  the  elec- 
tric field: 


03 

E^j(L.0,t)  cos(k0  + lii(L.t)) 


where  tl>  is  merely  a phase  correction.  The  electric  field  diffusion 
coefficient  ^fpij  depends  on  the  mirror  latitude  only  through  the 
drift  period  , The  variation  of  drift  period  with  mirror  latitude  is 
so  slight  (Equation  3-50)  that  ‘s  quite  insensitive  to  mirror 
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latitude.  Generally,  the  magnetic  fluctuation  diffusion  coefficient 

is  much  more  sensitive  to  mirror  latitude  than  is  the  electric 
field  aiffusion  coefficient  The  magnetic  diffusion  coefficient 

falls  so  rapidly  with  increasing  mirror  latitude  that  magnetic  accelera- 
tion effects  are  most  important  near  the  equiijorial  plane. 

The  magnetic  fluctuation  diffusion  coefficient  might  be  computed 
from  a knowledge  of  magnetic  disturbances  observed  on  the  earth's 
surface  (Section  2.  7).  But  the  asymmetric  part  of  the  disturbance 
is  proportional  to  radial  distance,  so  ground-based  magnetometers 
are  sensitive  primarily  to  S- va riation s.  The  relation  between  A and 
S is  provided  by  the  model  chosen  for  the  magnetic  field.  Some  the- 
oretical mode  Is  have  been  c onstructed  (References  89  and  91)-  Ob- 
servational data  collected  with  artificial  satellites  may  be  employed 
to  further  refine  the  models  (Reference  92).  Attempts  have  been 
made  recently  (References  93  and  i)  to  perform  direct  measure- 
ments of  electric  fields  in  the  magnetosphere. 


The  spectral  behavior  of  magnetic  variations  is  not  known  with  any 
more  certainty  than  is  the  spatial  dependence.  The  crude  spectrum 
of  Figure  2-17  is  proportional,  below  about  1 hertz,  approximately 
to  the  -2  power  of  frequency.  A PotV*^  frequency  dependence  is  in 
agreement  with  most  computations  based  on  sudden  commencements 
and  other  disturbances  with  a fast  rise  time  succeeded  by  a slow 
recovery.  For  this  special  case,  the  diffusion  coefficient  is  inde- 
pendent of  drift  period  and  is  just  proportional  to  L*®.  Other  as- 
sumed types  of  magnetic  fluctuations  yield  quite  different  diffusion 
coefficients.  G<'ncrally,  for  a power  spectrum  of  the  form: 


P (1^)00/ 

the  diffusion  coefficient  (Reference  89)  is 
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(5-84b) 


EMPIRICAL  COMPUTATIONS  OF  DIFFUSION  COEFFICIENTS 
FROM  OBSERVATIONAL  DATA.  The  observation  of  an  uncompli- 
cated, unequivocal  example  of  radial  diffusion  remains  elusive. 
Because  the  motions  of  individual  particles  cannot  be  traced,  observa- 
tions of  temporal  -.hanges  in  the  trapped  particle  distribution  must  be 
relied  on.  But  a radial  motion  of  a group  of  particles  is  subject  to 
being  interpreted  as  a convective  fluid  motion  of  the  entire  group. 

On  the  other  hand,  a decay  of  the  trapped  panicle  flux  at  a single, 
isolated  location  perhaps  could  be  explained  by  some  other,  yet  undis- 
covered, loss  process. 
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That  the  Liouville  distribution  function  N(M,  J.Ct)  increases  with 
L is  suggestive  of  radial  tratisport  but  is  hardly  conclusive  evidence. 
The  most  compelling  evidence  for  radial  diffusion  perhaps  should  be 
sought  in  the  lower  L-shells  where  the  sources  and  losses  are  best 
understood.  It  has  been  noted  that  the  artificial  Starfish  electron 
belts  near  L = 1. 25  did  not  decay  as  rapidly  as  predicted  from  at- 
mospheric losses  alone.  Comput'^d  and  observed  d-  cay  times  are 
compared  in  Figure  5-13.  Below  L»  1.2,  the  observed  •’ecay  time 
T and  the  decay  time  predicted  fro  i.  atmospheric  loss  tim^  differ 
enough  that  a cross  .'..-diffusion  coefficient  can  be  computed.  The 
atmospheric  loss  is  well  understood.  The  apparent  discrepancy 
could  only  be  explained  by  the  addition  of  electrons  diffusing  from 
higher  L-shells.  The  decay  of  the  Starfish  electrons  can  be  rep- 
resented by  a simple  empirical  relation: 


aN(M,J,R  ,t) 
o 

dt 


N(M,J,R  ,t) 
o 

T 


(b-85a) 


where  T is  the  time  required  for  a decrease  by  a factor  1/e  = 0.  368. 
The  diffusion  equation  for  this  case  can  be  solved  analytically  with 
the  result  (Reference  42): 
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whe 


„..^re  Ta  is  the  predicted  atmospheric  loss  decay  time.  The  mo- 
Tientum  of  particles  is  nearly  proportional  to  so  the  relation 

)etween  n and  measured  intensity  j (Equations  5-64  and  5-72)  is 
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(5-86) 


Computations  thus  far  have  been  practical  only  for  particles  with 
orbits  restricted  to  the  equatorial  plane  (where  J = 0)  . 


5-52 


2 December  1974 


K>  =-4cf  - 


2 me 


2 

(1-Mo) 


T(T+2mgC^)  Mq^{1-M‘^  [min]k 


(5-39) 


, 2 m c 


1 (1-Mq  ) , 2 2 2 _ 2.-1 

ju  lLn.  7 ina  . 

n.u^)  “ k "tminjk 


T(T*2m^c‘^)  Mq^  (1-M'^) 


m c 

.2i. ^ 

V , 


T^  + 2m  c^) 


D(Mo) 


(5-40a) 

(5-40b: 


f5-41 ) 


<{aT)0*-o  . 


(5-42) 


The  number  of  orbital  electrons  in  an  atom  of  species  k has  been  denoted 
by  Z-^.  Only  the  dynamical  friction  (Equation  5-38)  is  proportional  to 
the  total  number  of  bound  electrons  - the  other  coefficients  contain  an 
extra  Z factor.  The  minimum  scattering  angle  in  the  center -of-mass 


frame  is©[m'nl-  Fokker -Planck  coefficients  have  been  evaluated 


and  can  be  found  in  References  10,  35,  and  36. 


The  Fokker-Planck  equation  for  the  atmospheric  loss  of  trappeil 
electrons  reduces  to  a diffusion-type  equation  for  the  distribution  func- 
tion at  the  equator  f^  (T,  Mq)  (m  particles  per  unit  energy,  per  steradian, 
per  unit  volume)  (Reference  10); 
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where  tj^  is  the  brunce  period. 


(5-43) 


The  energy  loss  part  of  Equation  5-43  could  have  been  writ>^en  in 
terms  of  the  total  number  of  particles  in  a magnetic  flux  tube  per  unit 
tig,  per  unit  cross  sectional  area  at  the  equator; 


= 2fff^(T,Mo)  vMo  tj, 
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The  pitch-angle  deflection  part  of  Equation  5-43  describes  a diffusion  ' 

process  in  pitch-angle  space  (for  a further  discussion  of  pitch-angle  dif- 
fusion see  Sectiot.  5,  5.  5). 


The  coefficients  cfT/dt  and  D are  both  extremely  sensitive  to  Mq  near 
the  atmospheric  cutoff.  It  is  primarily  this  fact  that  has  prohibited 
analytic  solution  of  Equation  5-43;  the  solution  has  been  generally 
through  numerical  computations  (References  10,  35,  36,  40,  and  41). 

The  results  of  a sample  calculation,  assuming  injection  strongly 
concentrated  at  one  energy  and  pitch  angle,  are  shorvn  in  Figure  5-5. 

In  the  figure,  injection  into  the  trapped -radiation  belts  was  concentrated 
at  an  equatorial  pitch  ansle  = arc  cos  - arc  cos  0.  25  and  a kin- 
etic energy  of  T-  1.5  MeV.  The  successive  views  represent  "sni.;,  - 
shots"  at  the  times  90,  190.  365,  and  900  days  after  the  initial  injec- 
tion event.  The  flux  intensity  j(cm"^sec  '^MeV'^ster *^)  is  given  as 
a function  of  n and  kinetic  energy  T.  The  effect  of  collisions  is  to 
broaden  the  distributions  and  degrade  the  energy.  Eventually,  of  those 
injected  at  an  intermediate  pitch  angle,  the  only  trapped  particles  re- 
maining have  mirror  points  near  the  equatorial  plane. 

Below  L sa  1.25,  agreement  of  theory  and  observation  leaves 
little  doubt  that,  during  periods  of  weak  geomagnetic  activity,  elec- 
trons are  lost  primarily  through  atmospheri<  collisions.  The  elec- 
tron fluxes  resulting  from  the  Starfish-high -altitude  nuclear  explosion  ( 

decayed  by  as  much  as  an  order  of  magnitude  within  the  first  few  days. 

During  this  time,  several  competing  loss  mechanisms  may  have  been 
effective.  After  several  weeks,  the  major  irregularities  in  the  pitch 
angle  distributions  disappeared  and  the  decay  leveled  off  to  a nearly 
exponential  behavior.  By  that  time,  the  exponential  decay  rates  were 
about  the  same  everywhere  on  any  L,-shell.  Observed  and  predicted 
decay  rates  are  shown  later  in  this  section  (Figure  5-13). 

Above  L 1 . 25,  the  decay  after  several  weeks  was  exponential 
but  the  observed  (luxes  lay  somewhat  above  the  theoretical  predictions. 

This  seems  to  imply  cither  an  additional  steady  source  of  electrons  or 
displacement  of  electrons  toward  lower  L-shells  (Reference  42).  Dif- 
fusion of  particles  across  L-shells  seems  to  be  the  likeliest  explana- 
tion. This  topic  is  discussed  in  Section  5.4. 

In  the  outer  part  of  the  trapped  radiation  belts,  intensity  variations 
occur  over  short  time  intervals  that  cannot  be  reconciled  with  slow 
diffusion  and  atmospheric  loss.  Lifetimes  of  some  outer-belt  particles 
may  be  as  short  as  several  days.  Although  the  depletion  of  trapped- 
particle  belts  through  atmospheric  collisions  is  always  effective,  ad- 
ditional loss  processes  of  comparable  importance  must  be  considered. 
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5.3  INJECTION  OF  TRAPPED  PARTICLES 
THROUGH  NUCLEAR  DECAYS 

5,3.  1 InjecHor  of  Trapped  Particles 

Th<-  source  term.  q(T,  H^),  in  Equatiot!  5-'?4  represents  the  in- 
stantaneous appearance  of  trapped  particles  with  a j'iven  energy  and 
pitch  angle.  Charged  particles  may  he  introduced  in  many  ways — as 
products  of  fission  fragment  decays  (the  decay  of  fission  fragments 
is  discussed  in  Section  12;),  as  products  of  neutron  decays,  a'j  products 
of  ionization,  or  as  produc  ts  of  cha  rge-transfc’ r rear  tions  (h  etween 
atoms  and  ionsL  The  decay  r>f  a neutron  l«*aves  bc-hind  a fast  proton 
and  a fast  electron.  This  mechanism,  which  will  be  dis'  ussed  in 
Section  5.  3.  2,  therefore  would  appear  a likely  source  of  either  kind 
of  trapped  particle. 


The  rate  of  injection  q(T.  P.  S.  li) } generally  depends  net  only  on 
energy,  T,  and  pitch  angle,  fj , but  also  on  location  on  the  field  line, 
S,  and  on  azimuthal  angle,  0 , referred  to  the  »ield  line.  The  rate 
of  increase  in  f(  T , , S)  (averaged  over  ll> ) due  to  injection  in  a 

segment  6S  of  the  field  line  is 


df(T,  U.  S) 
dt 


•2tt 

q(T,  6S 

trpvtb 


(5-45) 


Note  the  factor  ji  in  the  denominator  — isotropic  injection  docs  not 
result  in  isotropic  trapping.  With  the  aid  of  Liouvillc's  equation 
(Equation  3 -82)  the  rate  of  increase  in  f^(T,  at  the  equator  due 
to  injection  cvc'rywhere  on  the  field  line  can  be  found.  The  r<!sult  is 


^ ~ ! d0q(T,  p,S,  H>) 
^ o 


in 


df(T,  P^) 
dt 


(5-46) 


The  integration  must  follow  a particle  trajectory.  If  the  injection 
rate  is  independent  of  0,  the  rate  of  increase  is  just  q(“ , ^),  as 

discusaen  in  Section  5.2.4. 


5.3.2  The  Cc»mic  Ray  Albedo  Neutron  Theory 
of  Trapped  Radiation  Belt  Formation 

The  albedo  neutron  theory  of  the  trapped  particle  belts  may  be 
briefly  outlined  thus  (References  II,  12,  43,  and  44):  Cos  nic  rays 
colliding  with  atmospheric  nuclei  produce  neutrons;  some  of  these 
neutrons,  the  albedo  neutrons,  leave  the  atmospnerc,  whereupon  they 
decay  leaving  in  their  place  charged  particles  that  can  be  trapped. 

The  expected  numbers  of  trapped  particles  depend  on  the  rat«‘s 
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which  neutrons  leave  at  the  top  of  the  atmosphere.  The  outgoing 
neutron  flux  is  very  uncertain  though  it  appears  that  a substantial 
portion  of  the  high-energy  trapped  protons  below  L 1 . “I  may  be  ac- 
counted for  by  decay  of  albedo  neutrons  (References  11  and  12). 

Neutrons  are  produced  by  cosmic  rays  in  Ip.n)  and  similar  reac- 
tions (References  45  and  46).  The  neutrons  may  decay  in  flight,  with 
a half  life  of  about  11  minutes  or,  more  probably,  may  be  lost  in 
atmospheric  collisions  (Reference  47).  Very  few  neutrons  reach  low 
enough  altitudes  that  they  can  be  easily  detected.  Direct  observations 
of  fast  neutron  fluxes  is  hindered  by  experimental  difficulties  so  the 
neutron  flux  at  high  altitudes  is  poorly  known.  Most  estimates  of  albedo 
neutron  fluxes  have  been  derived  from  the  basic  processes  affecting 
neut.ons  rather  than  from  extrapolations  of  observations  (References 
46  and  48  through  52).  'ihe  number  escaping,  which  is  not  a large 
fraction  of  the  number  produced,  is  therefore  very  uncertain. 

High-energy  neutrons,  say  at  kinetic,  energies  greater  than  50  MeV, 
are  deflected  only  slightly  in  the  atmosphere.  Therefore,  the  fast- 
neutron  component  of  the  albedo  fiux  escapes  nearly  tangential  to  the 
horizon — being  produced  by  cosmic  rays  with  paths  that  do  not  inter- 
sect the  "arth's  surface.  The  angular  spread  of  the  emergent  beam 
of  neutrons  is  determined  primarily  by  toe  angular  distribution  of 
particles  produced  in  cosmic  ray  "stars"  (Reference  45).  Fast 
secondary  particles  in  turn  may  interact  with  other  atomic  nuclei; 
about  three  fourths  of  all  neutron-generating  interactions  are  due  to 
secondary  particles.  Most  of  the  albedo  neutrons  with  kinetic  energies 
greater  than  I GeV  are  in  a beam  less  than  10  degrees  wide.  Only 
below  60  MeV  is  the  width  of  the  beam  more  than  60  degrees. 

There  is  a latitude  variation  in  the  energies  of  cosmic  rays  which 
can  penetrate  the  atmosphere;  this  is  a consequence  of  the  fact  that 
cosmic  rays  cannot  ente.  the  forbidden  regions  discussed  in  Section 
3.  2.  3.  At  latitudes  beyond  60  to  70  degrees,  solar  cosmic  rays  can 
penetrate  the  atmosphere  and  contribute  to  the  neutron  albedo.  The 
kinetic  energies  involved  arc  moderate,  10  to  100  MeV,  and  the 
neutron  production  rates  are  expected  to  vary  throughout  the  1 1 -year 
solar  cycle.  Neutrons  are  produced  nearly  isotropically  in  the  center 
of  mass  reference  frame.  The  angular  distribution  of  albedo  neutrons 
is  therefore  fairly  br  oad  (References  11  and  12). 

Each  neutron  decay  r’leases  a proton  with  a kinetic  energy  nearly 
equal  to  that  of  the  neutron.  High-energy  protons  can  be  injec  ted 
only  when  the  projection  of  the  initial  velocity  vector  is  tangent  to  the 
top  of  the  atmosphere.  The  .ate  injection  ran  be  approximated  by: 


i 


f 
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where  r]  is  th:.-  fraction  of  the  trajectory  over  which  injection  is  pos- 
sible and  q is  an  equivalent  isotropic  injection  rate.  Figure  5-6 
shows  how  the  pi»rh  angle  cone  of  halfwidth  (Kp  at  any  point  on  a 
field  line  intersects  the  earth's  atmosphere.  Only  within  the  shaded 
strip  of  the  figure  can  neutrons  be  emitted  (from  the  top  of  thv  at- 
mosphere) that  can  decay  at  point  P,  thus  releasing  protons  with  the 
pitch  angle  Some  pitch  angle  cones  intersect  the  earth  at  all 

azimuthal  angles  ; others  do  not  intersect  the  earth  anywhere  (e.  g.  small 
pitch  angles  near  the  equator.  It  's  evident  that  only  a very  small 


Figure  5-6.  The  intersaction  of  o pitch  angle  cone  with  the  earth's  surface. 
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Figure  5-7.  Equatorial  pitch  angle  dependence  of  the  average  injection 
coefficient  tj  for  on  isotropic  neutron  flux  emerging  from  the 
atmosphere  (References  11  and  12). 


part  of  Ihr  pitch  angU*  cone  is  within  several  deRrees  of  being  tan- 
gential to  the  atmosphere.  L(  w-energy  protons  (T^  SO  Mc>V)  an 
injected  nearly  isotropically:  TJ  is  then  just  the  fraction  ol  the  pitch 

angle  cone  that  intersects  the  earth.  Some  computed  values  of  Tj  are 
shown  in  Figures  S-7  and  S-8.  In  Figure  S-.'  , above  ? ^ SO  MeV.  the 
effect  of  the  finite  width  of  the  albedo  neutron  beam  is  included.  The 
pitch  angle  dependence  is  nearly  the  same  as  in  Figure  S-7. 


ENERGY  tr(M«V) 


Figure  5*'8<  Energy  dependence  of  average  albedo  neutron  injection  coefficient 
(Referencci  II  and  12).  Above  T m>  SO  MeV,  the  effect  of  the  finite 
width  of  the  albedo  neutron  beam  it  included.  The  pitch  angle 
dependence  it  nearly  the  tame  at  in  Figure  5-7. 
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Thf  hif>h -cnorjry  protons  of  the  lower  trapped  radiation  b«'lt  are 
fairly  well  accounted  for  hy  the  albedo  ncjutron-dt'cay  theory  (Ref- 
erence li).  The  slope  of  th<'  obs<Tved  energy  spectrum  above  SO 
MeV  is  matched  well  by  the  predicted  spectrum  (Section  4.4).  Some 
recent  studies  i ombining  n»-utron  decay  and  radial  diffusion  are  dis- 
cussed in  Section  S.4.4.  At  1ow<t  kinetic  energies,  the  numbers  of 
trapped  protons  are  much  too  great  to  be  attributed  solely  to  decay 
of  fast  ni'Utrons.  The  low-energy  albetlo  neutrons  produced  by  solar 
cosmic  rays  might  yield  appreciable  numbers  of  low-eni-rgy  protons. 
However,  these  solar  cosmic  ray  alb«-do  n«?utrnns  cannot  reach  the 
equator  at  low'  altitudes:  they  cannot  be  responsible  for  an  enhance- 
ment of  trapping  of  protons  with  large  pitch  angles. 

LOW  ENLRGY  ALBEDO  NEUTRONS.  High-energy  trapped  protons 
can  be  attributed  to  tlecays  of  fast  neutrons.  The  same  source  is  rela- 
tively ineffective  in  producing  trapped  electrons;  the  low-energy  trapped 
electron  number  density  is  nearly  everywliere  much  larger  than  the 
trapped  proton  density.  It  has  been  suggested  that  the  electrons  could 
be  injected  by  lov-energy  albedo  neutrons  (References  43  and  44).  How- 
ever, neutrons  with  kinetic  energies  below  1 MeV  are  deflected  appre- 
ciably within  the  atmosphere.  For  that  reason,  considering  a diffusion- 
type  problem  is  necessary  to  obtain  the  albdec.  flux. 

Ffjr  any  quantity  that  is  transported  through  a material  medium, 
in  this  case  J (the  number  of  neutrons  p»T  .squari'  ceritimi-ter  jier 
ster  tier  Se<  ond),  a I3olt/.mann-type  equ.iiion  can  be  formulated.  The 
Boltzmann  equation  (Equation  3 -4  1)  gives  the  rale  of  change  of  a 
number  density  in  a volum<-  ehoni'nt  that  follows  lln'  flow.  T'hc  gen- 
eral transport  equation  for  j in  a pl.ine -layered  medium  (R-Terences 
S3,  S4.  and  SS)  is 


j;  ii  * i(T,C,h)  oa(-.C) 

4h 


1 

qil.  C.  h)  < i’ d-';'  dC'  i(t',  C'  h)  no(T',  h)  W(i',  c'-  C) 


where  h is  the  depth  mea.s’.iretl  perpendicular  'o  the  layi-r.s.  The 

first  terni  on  the  left  de'  tes  the  rate  of  depletion  (or  .i  ugme  ntat  ion ) 

of  a stream  of  jiarlicles  moving  .it  an  angli>  .irc  cos  ^ from  the  norm.Tl 

to  the  plane  (note  the  similarity  to  Equation  "-.14  when  i.s  replaced 

by  p ) Thi’  second  term  is  the  rate  of  loss  hy  i ollisions,  O is  the 
o 
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total  cross  section,  n is  the  number  density  of  scatlerers. 

Parti''les  are  added  to  the  stream  by  a source  of  stren>>ih  q.  or  by 
seal  •.  lig,  with  a fractional  probability  W,  from  all  other  ener|>ies, 
T and  angles,  arc  cosine  C*-  Slow  neutrons  scatter  almost 
isotropically,  in  which  case  the  scattering  probability  a is  equal 
to  the  product  of  a constant  Cg  (which,  of  course,  must  he  less  than 
or  equal  to  O)  and  W (T ' T ). 


When  Equation  5-4i'  is  integrated  over  C.  a simplified  equation  is 
obtained  in  terms  of  the  omnidir«’etional  neutron  Ilux  .1  and  the  flux 
across  a constant-h  surface  F (Section  3.  •■.4;  Reference  “33); 


417  + J(T)  no  - Q(T,h)  + : d, 

on  X, 


) no  W(T  - " ) 


(S-49) 


where  Q now  represents  an  average  source  strength: 


Q(T,h)  =:  - dCq(-:,  C.h)  . 

-1 


{'•,.90) 


Equation  9-49  can  be  solved  by  standard  numerical  methods  (Ri-f- 
erenc<!S  48,  53,  54,  55,  and  56). 

Equation  5-49  has  a form  that  resembles  a conventional  diffusion 
i-quation.  In  the  lowi-r  atmosphere,  wheri-  the  me, -in  path  lengths 
are  so  short  that  j is  lu-arly  independent  of  the  first  term  in 
Equation  5-49  may  be  replai  ed  by 


1)  IS  a diffusion  « oeffii  lent  (Refereiu  es  46,  51,  5,i,  and  ‘^4).  I'n- 
lOrtu'  - ly,  th.  I ri’<'  paths  of  neutrons  near  the  top  of  the  ati  iosph<-re 
are  ^ ,;e  ‘ omparecl  with  other  dinnmsiimal  parameters.  Con  seq  ui-nt  ly , 

the  ani.sotropies  are  great  enough  that  th  ;•  <1 1 fl  us  ion  equ.ition  solution 
dta-s  not  give  entirely  reliable  results  ft,r  the  fhiX  at  the  top  of  the 
atmosphere  . 

An  a iditional  i omplication  is  that  neutrons  ol  cnergie.'!  much  U-ss 
than  eV  cannot  U'av«‘  th»'  earth's  gra vitatmna  1 In-lfi.  This  h.as  the 
effec  . of  ini  reasing  the  rate  of  m-jtron  il'-t.ays  near  ll.e  earth,  though 
•hi-  .iibedo  IS  diminished  only  slightly  (Relereiu  e 4t,). 
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Various  solutions  to  i!)c  neutron-transport  problem  have  appeared. 
They  arc  all  normalized  to  measured  fluxes  of  neutrons  of  cosmic 
rays  observed  at  low  altitudes.  Figure  ^-9  shows  computed  rates  of 
neutron  decays  near  the  earth.  Th^se  should  be  the-  same  as  the  rates 
of  electron  injection  (References  44,  45,  and  46).  The  electrons  re- 
leased from  slow  neutron  decays  above  the  atmosphere  are  injecti-d 
into  the  trapping  regions  nearly  isotropically. 

Albedo  neutron  d<-;cAy  is  definitely  inadequate  as  the  sole  source  of 
trapped  electrons  (References  35,  43,  and  44).  Additionally,  it  is 
significant  that  the  energy  spectrum  of  trapped  electrons  is  much 
different  from  that  of  the  neutron  decay  c omponent  (Reference  57). 

5.4  NONCONSERVATION  OF  THE  THIRD 
ADIABATIC  INVARIANT 

5.4,  1 Hydromagnetic  Stability  oF  Trapped  Radiation 

Simple  two-particle  interactions  are  inadequate  to  explain  all  the 
observations  relevant  to  trapped  particle  sources  and  losses.  The 
remainder  of  this  chapter  is  concerned  with  tht-  effei  ts  of  plasma 
oscillations  and  colU?ctive  behavior  of  large  nu.nbers  of  particles. 

A first  consideration  is  whether  'he  trapped  radiation  belts  are 
always  stabh;  against  gross  instabilities,  primarily  involving  viola- 
tion of  the  third  adiabatic  invariant  * . 

The  .1  X 13  term  i.t  the  rnech..i  nical  force  equation  (Equation  i-100) 
i an  be  simplified  readily  with  the  .lid  of  Maxwell's  Equation-^  (Equa- 
tion 3-lOH).  The  result  is 

2 . . 

j X R ^ - V ^ t V . IJii  . (5-51) 

o tr  4 Tf 

The  expressif)n  on  the  right  of  Equation  5 -SI  tn.iy  be  icIiMitified  with 
the  divergence  of  the  Maxw-ell  stress  ten. so r (Refetence  5ti); 
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Tho  im'cha  me  a 1 forte  equation  then  can  be  writttm  in  the  concise  form: 


p—  = - V.  (T  + P) 


C^-53) 


The  magneto-mechanical  str<‘sses  arc  equivalt-nt  to  a pr.'ssur', 

B*" /8ff  transve  r se  to  the  field  lines  and  a timsion  B^/hTT  along  the 
field  lilies  (References  32,  58,  and  59) 

The  ratio  of  the  transverse  particle  pressure  to  the  magnetic  pres- 
sure is  a useful  criterion  of  the  relative  importance  of  particle'^  versus 
field  (Reference  60).  If  the  ratio 


r i 

[all  pa  rtic  les  I 

D'^/8tt 


(5-34) 


is  much  greater  tna.'i  unity,  the  medium  behave  s as  a classical  fluid 
and  the  magnt'tic  field  ha.s  little  effei  t on  the  gross  motion.  Con- 
versely, if  is  extremely  small,  so  little  energy  is  contnine  ; in 
the  particles  that  thi'  effects  of  collective  behavior  arc  likely  to  be 
insignificant.  Wiien  f3p  is  computed  for  observed  naturally  trapped 
particles,  the  result  is  generally  much  less  than  ! . If  'in  any  part 
of  the  radiation  beltsl  should  e’-er  exceed  about  0.  1,  the  radiation 
belts  would  very  likely  exhibit  all  the  types  of  plasma  instabilities  ob- 
served in  mirror  machines  in  the  laboratory  fReferences  60.  61,  and 
62). 

The  parameter  0p  is  nearly  the  ratio  of  particle  kinetic  energy  to 
magnetic  field  energy.  The  !':agnetic  field  energy  contained  within  a 
narrow  range,  6 L,  of  L shells  between  the  two  conjugate  intersections 
with  the  atmosphere  is 


- 


L' 


The  total  integrated  magnetic  energy  between  the  earth  s surface  and  a 
shell  of  field  lines  is  shcwti  Figure  5-10.  (The  unit  of  energy  in  the 
figure  is  equivalent  megatons  of  TNT  explosive  energy:  1 MT  = R2  X 
10^*-  erg.  ) The  total  kinetic  energy  of  the  particles  trapped  within  an 
L shell  is  not  expected  to  appreciably  exceed  the  magnetic  field  energy. 
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Fi'jure  5-10. 
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Usually  /3p  varies  considerably  along  a field  line,  although  in  most 
observad  cases  of  distributions  stable  over  periods  of  days,  the  largest 
;3p  is  generally  at  the  equator.  The  largest  /3p  can  be  used  to  estimate 
the  saturation  fluxes  for  any  assumed  pitch-angle  distribution.  A rea- 
sonable upper  limit  for  $p  might  be  somewhat  less  than  1 -perhaps  of 
the  order  of  0.  1.  The  limit  on/3pis  invoked  in  Section  7.3.2  to  pre- 
dict the  maximum  trapped  flaxes  that  might  occur  following  a high- 
altitude  nuclear  detonation. 


If  all  the  trapped  particles  are  assumed  to  have  the  sarr.e  energy, 
the  maximum  can  be  computed  for  a pitch-angle  distribution  of  the 
form  (this  is  very  nearly  the  distribution  which  would  result  from 
pitch-angle  diffusion  alone  on  moderate  and  higib  L-shells;  see  also 
Section  5.5.5  and  the  following) 
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The  omnidirectional  flux  in  the  equatorial  plane  is  J^.  For  all  n s 0, 
the  minimum  $p  occurs  at  the  equator.  The  maximum  flux,  in  terms 
of  the  assumed  pressure  ratio,  is 

Jq  = / [I  - ul  8/(64n)(44n)}  (5-57a) 

SrrL^p 

^ 7 25  x 10^^ — 

p(MeV/c)  L^[(6+n)(44n).8j  + 

(5-57b) 


where  the  atmospheric  cutoff  has  been  substituted  fer 


5.4,2  Interchange  Instability  in  the 
Outer  Trapping  Regions 

A plasma  may  be  expected  to  be  ronfim  d by  ;i  rnagnelir  field  that 
provides  a su'Ticicr tly  great  magneti<  pressure  on  '.he  exU'rior  to 
counteract  the  particle  pressure  of  the  pln.sni.i  that  is  seeking  to 
escape.  This  is  not  always  possible,  though.  The  instability  that 
results  if  two  fluids  (in  the  present  t ase,  a plasir.i  and  a magrietit 
field)  ran  exchange  positions  with  a consequent  dec  rease  in  total 
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enerKy  is  known  as  the  Rayleigh-  Taylor  instability  (Reference  S8). 
This  instability  is  well  known  front  early  laboratory  stiulii-s  vvherf 
it  v.as  <all((l  the  flutii.g  or  into  rchangi-  in.sta  hi  1 1 ty  bi  - ausc  a plasma 
bounrlary  t(;nf!s  to  break  ■ p into  groov<  s 'ir  "fl.ites'  as  the  plasma 
leaks  fj'it,  tarrying  along  tht-  field  lines  (Rejerem  of),  bl,  am!  (>'■). 
Generally,  whenever  field  lines  at  the  plasma  bound, i ry  an-  t ixe-ex  tti 
the  exterifir,  an  instaoilily  results  (Referente  b'<). 


The  criterion  for  stability  at  an  interior  point  is  rather  compli- 
cated. Though  the  field  lines  may  be  convex  in  a direction  toward 
which  the  particle  density  decreases,  the  plasma  may  be  stable 
everywhere  except  on  the  extreme  outer  boundary.  The  plasma  par- 
ticle pressure  in  the  exterior  region  may  be  greater  than  the  interior 
pressure:  the  growth  of  instabilities  thereby  is  restrained. 


The  total  energy  of  all  the  particles  on  a field  line  is  proportional 
to  J f(M,J,H)  d Md  J where  H is  the  Hamiltonian  and  M 

and  J are  the  first  two  adiabatic  invariants  (References  64,  6S,  and 
66).  The  Euler  potentials,  O and  (Section  1.4.  1),  are  especially 
useful  in  treating  hy droma gnetic  stability.  The  plasma  is  stable  only 
if  any  exchange  of  two  field  lines  and  their  associated  trapped  particles 
results  in  an  increase  in  the  total  energy.  With  the  assumptions  that 
the  adiabatic  invariants  M -.nd  J are  preserved  and  that  the  Hamiltonian 
depends  on  only  one  spatial  coordinate  O'  , the  necessary  and  sufficient 
criterion  for  stability  (Reference  66)  is 


The  notation  (^/dH)(yjj  refers  to  a partial  derivative  in  which  iM 
and  J are  held  fixed.  Often  the  sufficiency  criterion  alone: 

<0  jallM.J  (5-59) 

need  be  c tin  side  red. 


The  stability  criterion  would  be  satisfied  foi  almost  any  particle 
distribution  if  a minimum  with  respect  to  Ot  and  ii  existed  in  H . All 
the  partit  Ics  in  such  an  energy  well  would  nave  minimum  energy  and 
escape  from  the  well  wtiuld  not  bt  possible.  In  a dipole  field,  no 
energy  wells  occur,  so  examining  the  details  of  the  distribution 
function  is  necessary  1 o dt^terrnine  whether  Equation  5-59  is  satisfied. 

The  ossumptitin  that  f depends  only  on  one  spatial  coordinate  is 
entirely  j.'siifif-d  for  a geomagtietic  field  that  has  a liigh  degree  of 
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axial  symnu-try.  The-  particle  distribution  function  must  b(-  related, 
however,  to  the  distribution  in  T,  L or  R,  L coordinates  if 

meaninjiful  c;-  nparisons  are  to  be  made  with  actually  observed  par- 
ticle fluxes  or  intensities.  Some  of  the  details  of  the  transformation 
are  Riven  because  the  intermediate  results  may  he  of  general  utility. 


The  distribution  function  f can  be  replaced  by  .\'(M,  J,o),  the 
number  crossing  the-  equator  per  unit  magnetic  flux,  dOrd/9.  Th(? 
total  number  of  partuTes  pei  i-nergy  interval  and  per  interval  in 
a magnetic  flux  tube  of  cross  section  R^dR^^d^  is 

N'(T,p  ,R  )R  dR  d^  =J  .\(M,  J,  ft ) d a d j9  . (S-6  0) 

o o o o 

Tl'.e  adiabatic  invariants  are  related  to  energy  and  pitch  angle  through 
the  Jacobic'in 
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\chcr<;  is  just  vlj^/R^  , a.s  dc>fined  in  Equation  3-47.  \'ow  the 

coordinati!  /5  may  be  chosi-n  equal  to  0 , the  ea/.iniuthal  .angle  or  lon- 
gitude. The  c or  r<is  ponding  ft  is  -Mg/R„  on  the  equator,  where  the 
magnetic  flux  element  is 

d ft  d /3  = B R d R d0  . (3-b3a) 

o o o 

The  relation  between  the  previously  defim-d  two  distribution  func- 
tions is 

N(T,  P , R ) r R ypp  S(p  ) \(M,  ,1,  ft)  . (S-b3b) 

o o o o o 


The  left-hand  side  o’  Eqc  tior.  S-b3b  is  rel.ited  to  the  inti'nsity 
(Equation  Th<-  relation  between  intensity  .ind  total  numbe  r o( 

trapp(?d  p-.rtic  les  redm  es  to  (Referemes  (iH  and  f/>): 
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The  partial  derivative  with 
can  be  replaced  with  a partial 
(not  obvious)  relation  (Section 


respect  to  H in  the  stability  criterion 
derivative  with  respect  to  Rq  by  the 
3.4.  1;  Reference  67): 


B R 

o 


a CK 


B R 

o 


(S-65) 


However  is  just  the  azimuthal  drift  velocity;  therefore, 

(e/c)d/^/dt  is  always  negative  regardless  of  the  sign  of  the  eleciri- 
cal  change.  Finally,  the  interchange  stability  criterion  (Kquation 
5-59)  is 


> 0 

M,  J 


all  M,  J 


(5-^  >) 


In  the  natural  trapped  radiation  belts,  most  cf  (he  energy  is 
retained  by  fast  protons.  If  the  protons  by  themselves  are  stable, 
the  trapped  electrons  should  not  be  able  to  overcome  the  inertia  of 
the  protons.  It  is  probab'y  safe  to  assert  that  the  entire  trappt:d 
particle  belts  are  stable  against  interchange  of  field  lines.  The 
proton  intensities  are  not  well  l^nown  for  all  values  of  M;  however, 
all  the  available  data  indicate  that  the  natural  trapped  radiation  is 
stable  as  far  out  as  L as  5 to  6 (References  67  through  71).  That 
N(M,  J,a)  increases  with  radial  distance  may  be  lalcen  as  good  ev- 
idence that  particles  are  being  added  continually  from  outside 
(Reference  70).  If  particles  were  not  continually  added,  the  outer 
boundary  wonld  be  subject  to  instabilities  and  the  {-onBcquent  loss  of 
particles  would  lead  to  a reversal  of  the  gradient  (Equation  5-66). 


The  artific  ial  electron  belts  resulting  from  the  Starfish  high- 
altitude  nuclear  explosion  are  another  matter  entirely.  When  a sim- 
plified model  of  the  artificial  electron  distribution  is  constructed  and 
3(jQ/p^)/9L  is  integrated  over  J,  th«‘  necessary  stability  criterion 
(Equation  ‘’-5b)  clearly  is  not  satisfied  (Reference  69).  The  results 
of  such  a computation  arc  depicted  in  Figure  5-il.  How  a plasma 
behaves  following  the  onset  of  instability  is  not  very  well  understood. 
If  indeed  the  electrons  are  subject  to  instability  and  the  resulting 
hydromagnetic  motion  preserves  M and  J,  then  electrons  might  be 
expected  to  move  outward  with  a softening  of  their  energy  spectrum. 
A softening  of  the  energy  spectrum  of  the  Starfish  trapped  electrons 
may  have  been  observed,  though  an  interpretation  on  the  basis  of 
hydromagnetic  instabilities  is  uncertain  (Reference  69). 
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Figure  5-11.  The  stability  function,  integrated  ovnr  J,  the 

second  odiabatic  invariant,  for  the  Starfish  trapped  electron 
belts  (Reference  69). 


The  preceding  discussion  of  hydromagnetic  stability  was  incom- 
plete because  currents  flowing  in  the  ionosphere  were  ignored.  In 
the  trapped  radiation  belts,  the  field  lines  are  effectively  "frozen" 
into  tho  mar_rial.  If  an  entire  field  line  is  to  exchange  its  position 
: with  another,  the  finite  transverse  conductivity  in  the  ionosphere 

results  in  a relative  motion  of  material  and  field  lines  at  the  lower 
ends  of  the  lines.  Equations  3-100  and  3-101  relate  the  velocity  with 
i which  field  lines  are  dragged  through  a plasma  to  the  induced  cur- 

i rents  ; thus ; 

1 J = Of  • V X B (5-67) 

] • 

' where  O is  the  conductivity  ten.  or.  Substituting  this  in  Equation 

' 3-100,  however,  gives  a force: 
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F=(<y-vXB)XB  (5-6  8) 

contrary  to  the  direction  of  motion.  This  force  is  thought  to  be  ad- 
equate to  restrain  the  field  lines  and  prevent  interchange. 

The  stability  of  the  earth's  radiation  belts  retaining  the  electric 
fields  induced  by  plasma  motion  in  the  ionosphere  has  been  analyzed 
(Reference  71).  The  energetic  trapped  protons  can  be  stabilized  by 
the  ionospheric  conductivity  during  the  day,  even  if  the  simple  stabil- 
ity criteria  were  violated.  At  night,  when  ionospheric  electron 
densities  are  low,  the  ionosphere  cannot  be  very  effective  in  prevent- 
ing instabilities. 

5.4.  Radiol  Motion  of  Trapped  Particles  as  o Consequence  of 
Nonadiabatic  Behovior~Resonant  Acceleration 

The  interchange  instability  leads  to  nonconservation  of  the  third, 
adiabatic  invariant,  ♦ . If  the  instability  occurs  in  a dipole  field, 
trapped  particles  tend  to  move  outwards,  initially  preserving  the 
adiabatic  invariants  M and  J , But,  the  stability  criterion  (Equation 
5-67)  now  seems  to  be  well  satisfied  in  the  trapped  radiation  belts. 
The  intetior  (particle)  pressure  is  counterbalanced  by  more  than 
sufficient  exterior  (particle)  pressure  so  that  any  mixing  of  particles 
on  different  l.-ehella  might  be  expected  to  result  in  particles  being 
transported  inward  by  diffusion  (References  68,  70.  and  74  through 
75).  In  fact,  an*  process  that  involves  nonironser vation  of  • could 
result  in  inward  (or  outward)  motion  of  trapped  particles.  Here  then 
is  a relatively  uncomplicated  mechanism  for  maintaining  the  radiation 
belts  against  atmospheric  and  other  losses.  Enough  particles  exist 
in  the  solar  wind  to  supply  all  the  trapped  particles,  provided  they 
can  get  down  to  low  enough  altitudes. 

Invariance  of  ♦ requires  that  magnetic  and  electric  fields  do  not 
change  appreciably  within  the  particles'  drift  periods  (Section  3; 
Rc-ferences  64  and  65).  If  the  fields  fluctuate  in  a regular  fashion, 
some  particles  possibly  can  be  accelerated  — somewhat  as  particles 
are  accelerated  in  a cyclotron  or  betatron.  Several  instances  have 
been  noted  in  which  a recurring  geomagnetic  fluctuation  apparently 
resulted  in  acceleration  of  trapped  electrons  (References  69  and  76). 

The  requirements  for  an  accelerating  field  seem  to  be  me*,  oy  a 
coherent  worldwide  magnetic  variation  with  periods  of  .^eout  1 hour, 
sometimes  referred  to  as  Dp2  or  DP2  variations  (References  77  and 
78).  Intense  groups  of  nearly  monoenergetic  electrons  in  the  lower 
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radiation  belt  were  observed  to  be  associated  with  several  such 
fluctuations  (Reference  76).  Tlte  drift  periods  of  those  electror..s  were 
similar  to  the  periods  of  the  fluctuations,  which  exhibited  oevoral 
complete  cycles. 

Whenever  the  magnetic  fluctuation  fields  are  known,  the  electric 
fields  in  the  ionosphere  can  be  derived  with  the  aid  of  known  ion- 
ospheric conductivities.  The  majority  of  the  electric  field  in  the 
DP4  fluctuations  appears  to  bo  a < url-free  field  (7  x E = 0)  — derivable 
from  a potential  field  (References  78  and  79).  Conductivities  along 
field  lines  are  very  large,  which  in  turn  leads  to  potential  gradients 
that  arc  neailv  transverse  to  the  field  above  the  ionosoherc.  Otie 
component  of  the  electric  field  will  be  in  an  azimuthal  (0)  direction. 
This  component  is  primarily  responsible  for  particle  acceleration 
(Reforenc<>  76),  A particle  with  the  proper  drift  period  and  phase  is 
in  resonance  and  experiences  an  accelerating  force  on  eat  h circuit 
of  the  earth.  The  situation  is  not  t^xactly  eqi.ivalent  to  the  accelera- 
tion of  charged  pai  tides  in  a cyclotron.  Instead,  a particle  drifts 
inward  and  the  resulting  increase  of  kinetic  energy  is  a consequence 
of  conservation  of  M and  J . 

TRAJECTORIES  OF  PARTICLES  CONSERVING  ONLY  THE  FIRST 
AND  SECOND  ADIABATIC  INVARIANTS.  If  the  first  and  second  adia- 
batic invariants  are  preserved,  this  simple  relation  (Reference  80): 


results  from  Equations  3-46,  3-75,  and  3-76.  J(0<q)  is  just  that  part 
of  J that  depends  on  the  pitch  angle.  Equation  5-69  relates  the  equa- 
torial pitch  angle  to  the  flux  invariant  Equation  5-69  alter- 

natively may  he  regarded  as  a relation  between  L and  the  pitch  angle: 


- ^^E^^E 


(5-70) 


Once  J a.’id  Q are  known,  the  mirror  fi<Td  can  be  found  im- 

n'ediatiTy.  Since  M i.s  assumed  constant,  the  momentum  squared 
niudl  he  proportional  to  trapp«*d  particle  moves  across 

L-shells.  iNurnericai  relations  t>t  tween  L,  , and  Bj^  are  given 
in  Figures  3B-1S  through  3B-19.  Those  figuri-s  are  plotted  for 
arbitrary  values  of  the  parameter  J'^/Mm  - 4 1“^  . 
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Of  course,  the  distribution  function  N(M,  J.Ct)  is  conserved  for  a 
jjroup  of  particles  that  moves  inward  or  outward  together  with  changes 
in  the  geomagnetic  field  (this  is  because  the  flux  dad/3  is  conserved). 
The  intensity  therefore  is  seen  from  Equation  S-64  to  be  propor- 
tional to  momentum  squared. 

When  the  equatorial  pitch  angle  is  large,  the  momeritum  squared 
is  nearly  inversely  proportional  to  L,^  as  a particle  crosses  L-shells. 
For  mirror  latitudes  less  than  about  20  degrees,  the  momentum 
squared  is  nearly  (within  an  error  of  less  than  1 percent); 


2 2mBrJvI 

p a — 

Lj 


2 ff  Rr  V Bj^Mm 


(5-71) 


Or,  in  terms  of  the  initial  mirror  latitude  X 


m2.  • 

1 St. 


(5-72) 


The  subscripts  I refer  to  the  specified  initial  values. 

At  low  energies,  tiie  square  of  momentum  may  be  replaced  by  the 
kinetic  energy.  Equatiof'.i  5-71  and  5-72  then  give  directly  the  cnc-rgy 
gain  or  loss  resulting  from  cross  L-shell  drift. 

5,4.4  Stochostic  Acceleration  and  L-Shell  Diffusion 

Most  geomagnetic  fluctuations  are  not  obviously  periodic  (except 
for  the  daily  variation).  They  are  randon.ly  distributed  in  time,  with 
characteristic  periods  from  fractions  of  a minute  up  to  many  hours. 

A schematic  representation  of  the  power  spectrum  of  geomagnetic 
fluctuations  observed  on  the  earth's  surface  was  presented  in  Figure 
2-7. 

That  random,  isolated  magnetic  disturbances  can  cause  irrever- 
sible changes  in  the  particle  distribution  is  demonstrated  readily  for 
the  type  of  disturbance  known  as  a sudden  commencement.  During 
a sudden  commencement,  the  geomagnetic  ^ield  is  rapidly  compressed 
(S'Ttion  2.6.2),  especially  on  the  sunlit  side  of  the  earth.  Parlici- 
continue  to  drift  adiabatically  in  the  distorted  field,  but  now  tho<-  ' 
that  were  previously  all  on  a single  L.-8hell  may  be  on  quite  diffe-:c. 
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invariant  surfarc?s.  Ihe  end  result  is  that,  if  ti...  cortiprrssed  field 
is  released  sufficiently  slowly,  trapped  particles  will  be  spread  «)ver 
a finite  range  of  L-shells  (Reference  75).  Repeated  compressions 
and  expansion*-  of  the  geomagnetic  field  thereby  can  result  in  diffusion 
of  partic  les. 


Any  magnetic  field  fluctuation  with  a characteristic  period  near 
the  drift  period  can  cause  nonconservation  of  the  th.rd  adiabatic 
invariant  <t,and  acceleration  of  particles.  The  acceleration  of  a 
charged  particle  by  random  electromagnetic  field  fluctuations  is 
called  stochastic  acceleration  (References  73  and  81).  Again  (as  in 
the  troatmetit  of  particle  collisions),  a Fokker -Planck-type  equation 
is  useful  in  describing  a process  that  is  determinc'd  by  the  outcomes 
of  many  i-andom  events.  The  Fokker  - F^lanc k diflusion  equation,  for 
the  number  of  particles  trapped  in  a niagn«*tit  flux  tube  at  R^  per 
unit  a rea  in  the  equatorial  plane  N(  M,  J,  R^),  is  expected  to  be  of  the  form; 


8N(M.J,R  ) 
o 


o L 


N(M,  J, 


)*■)  N(M,  J,R^  + Q 


(5-73a) 


A .source  Q has  been  included  here.  A one -d  i me  n si  nua  I diffusion 
equatioM  IS  valid  if  the  diffusion  proi  eeds  with  .a  time  scale  that  is 
large  ( omp.ired  to  .ill  other  time  parameters.  If  at  any  point  on  a 
field  line  they  are  iransferri'd  to. another  field  line,  the  particles 
are  rapidly  "smeared"  .»ver  a new  invariant  surface.  Only  on  very 
high  I,-sln'lls  need  thi  invariant  surfac  es  be  .sp'u  ified  by  more  than 
one  parameter.  In  th<  extreme  outer  radiation  ln-lts , a two- 
dimensional  diffusion  -qu.ition  involving  11,^  or  1.  and  some  other 
c tiord  ui.i  It-  (such  .is  pill  h angle  Of,,  or  mirror  point  field  '*fould 

be  iiec  e.ssary  ( 11  > fi- r eiii  <•  s oM,  .and  Hi), 

A p.-irlKular  .solution  of- Equation  'i- 7 i i.s  available  for  the-  case 
when  the  cl  1st  r ibut  ion  func  tion  N(  .M.  .1 . Or , IS  constant  e vc- ry  whe  re  . 
Eiouville ' s theorem  must  apply  to  N.  It  is  only  necessary  that  par- 
ticles should  follow  dynamical  trajectcries  ( if  need  not  lie  onserved) 
in  ordei  that  N remain  unchanged  after  the  exchange  of  particles  be- 
tween two  invariant  surfaces.  The  stability  criterion  (Equation  5-S8) 
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guarantees  that  energy  is  not  lost  or  gained.  When  the  distribution 
function  B^R^NIM,  J,a)  (Section  S.4.2)  is  inserted  in  the  Fokker- 
Planck  equation,  the  time  rate  of  change  must  be  zero.  A solution 
(References  28,  82,  86,  and  87)  is: 


^o  8 / ^2  \ 

^ T"  a^lrr)  ■ 

o \R  / 

' n ' 


(5-74 


The  relation  between  the  two  Fokker-Planck  coefficients  should 
hold  when  sources  and  losses  are  included  in  the  diffusion  equation. 
Therefore,  only  one  coefficient  need  be  computed; 


D = J D,  , (5 

The  simplified  radia  1.  or  cross-L.  diffusion  equation  tTiay  be  re- 
written; 


dN(M.J,R  ) ^ 1 
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The  motion  of  a particle  during  a geomagnetic  disturbance 
should  be  derivable  dimctly  from  the  equations  of  motion  of  an  in- 
dividual particle.  The  drift  velocity  is  perpendicular  to  the  field 
lines.  The  rat«'  of  chnng<‘  of  must  be  a single -va lued  function  of 
the  meridian  plane  component  of  the  drift  velocity  (References 
81,  84,  88,  »g,  and  90): 


D(m<Tidian  plane) 


3 sin  X 
3, 


where  X is  the  latitude  of  the  particle  at  the  inst.int  an  electric  f*eld 
is  applied. 

The  diffusion  coefficient  D for  a dipole  field  may  be  computed 
after  breaking  the  disturbance  field  B into  symmetric  (S)  and  asym- 
metric (A ) parts: 

Bj  = [-  S(t)  cos  8 - A(t)  r sjn  28cos0j  r 


+ [S(t)sin0-A(t)rcos  0 c os  0)6  + [A(t)  r c os  0 sin  0]^ 
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V'herr  r,  6,  and  0 arc  the  unit  vectors  in  an  ea rth -c entered  spherical 
coordinate  system  and  6 is  the  polar  angle  or  colatitude.  The  spher- 
ical harmonic  expansion  of  Bj  has  been  terminated  at  the  first-order 
terms.  The  induced  electric  field  Ej,  associated  with  the  magnetic 
disturbance,  is  (Equation  3-107) 

- 1 4 dA  fl  • ^ ^ 7,  dA  „ ■ ^ D 

E , = :r  r — sin  O sin  0 r - — r — cos  6 sin  0 S 
1 7 dt  7 dt 

' [1  ^ ^ ‘ ^ ^ ^ ® ^ ‘ 0]^  ■ (‘’-'^9) 

The  litjt*  average  of  the  displaceiio  nt  is  complicated;  the  computa- 
tion has  been  performed  with  the  result  (i?eference  89): 


D.  ,(L,X  ) = 4ir‘^(^fr(.\  ^ fl/‘^PJl/)l  ,,  (^-80a) 

[mag!  'tt  '7'  m 4 L A 'Jy=l/t, 


10 


n. 


16.  55  r (X  ) Rf,  p , / 

m E L A Jv'=l/t 


(5-80b) 


The  power  spectrum  is  evaluated  at  the  drift  frequency.  The  function 
^ m ) is  presented  in  Figure  5-14.  As  might  have  been  t'xpected, 
^[magj  depends  only  on  the  asymmetric  A part  of  the  fluctuations. 
Tne  magnetic  fluctuations  have  been  decomposed  by  Fourier  analysis 
so  that  the  power  spectrum  I ^(u)  is  the  Fourier  transform  of  the 
average  of  A(t)  A(t  + t^): 


P.(F)  = 4 
A 


dt^  [ A(t)  A(  t + t^ ) 1 cos  4 ff  P t’ 


(5-81) 


the  flux  of  energy  transported  by  magnetic  fluctuations  between  the 
frequencies  P and  P + dP  is  proportional  to  P (P)dp  . 

A 

A similar  result  follows  for  curl-free  electric  fields.  When  the 
disturbance  field  Ej  is  everywhere  normal  to  the  static  magnetic 
field,  the  diffusion  coefficient  (References  84,  88.  and  89)  is 
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(5.82) 


The  power  spectrum,  Pj^(L,t/),  here  an  explicit  function  of  L,  cor- 
responds to  the  k'th  component  of  the  harmonic  analysis  of  the  elec- 
tric field; 


m 

1 


E^,(L.0.t)-X  E,. 

^ k = 0 k0 


(L,  t)  cos|k0  + lt(L,  t) 


(5-83) 


where  il>  is  merely  a phase  correction.  The  electric  field  diffusion 
coefficient  Dfpi]  depends  on  the  mirror  latitude  only  through  the 
drift  period  t^j  . The  variation  of  drift  period  with  mirror  latitude  is 
so  slight  (Equation  3-50)  that  is  quite  insensitive  tc  mirror 
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latitude.  Generally,  the  magnetic  fluctuation  diffusion  coefficient 

more  sensitive  to  mirror  latitude  than  is  the  electric 
field  aiffusion  coefficient  . The  magnetic  diffusion  coefficient 

falls  so  rapidly  with  increasing  mirror  latitude  that  magnetic  accelera- 
tion effects  are  most  important  near  the  equijjorial  plane. 

The  magnetic  fluctuation  diffusion  coefficient  might  be  computed 
from  a knowledge  of  magnetic  disturbances  observed  on  the  earth's 
surface  (Section  2.7).  But  the  asymmetric  part  of  the  disturbance 
is  proportional  to  radial  distance,  so  ground-based  magnetometers 
are  sensiti-'e  primarily  to  S-variations.  The  relation  between  A and 
S is  provided  by  the  model  chosen  for  the  magnetic  field.  Some  the- 
oretical models  have  been  constructed  (References  89  and  91).  Ob- 
servational data  collected  with  artificial  satellites  may  be  employed 
to  further  refine  the  models  (Reference  92).  Attempts  have  been 
made  recently  (References  93  and  94)  .>  perform  direct  measure- 
ments of  electric  fields  in  the  magnetosphere. 


The  spectral  behavior  of  magnetic  variations  is  not  known  with  any 
more  certainty  than  is  the  spatial  dependence.  The  crude  spectrum 
of  Figure  2-17  is  proportional,  below  about  1 hertz,  approximately 
to  the  -2  power  of  frequency.  A Poep"'^  frequency  dependence  is  in 
agreement  with  most  computations  based  on  sudden  commencements 
and  other  disturbances  with  a fast  rise  time  succeeded  by  a slow 
recovery.  For  this  special  case,  the  diffusion  coeffi<  ient  is  inde- 
pendent of  drift  period  and  is  just  proportioral  to  Other  as- 

sumed types  of  magnetic  fluctuations  yield  quite  different  diffusion 
coefficients.  Generally,  for  a power  spectrum  of  the  form: 


P JP)«P 
A 

the  di*’fusion  coefficient  (Reference  89)  is 


(5-84a) 


D.  , «L  M «L  p . (5-84b) 

[magi 

EMPIRICAL  COMPUTATIONS  OF  DIFFUSION  COEFFICIENTS 
FROM  OBSERVATIONAL  DATA.  The  observation  of  an  uncompli- 
cated, unequivocal  example  of  radial  diffusion  remains  elusive. 
Because  the  motions  of  individual  particles  cannot  be  traced,  observa- 
tions of  temporal  changes  in  the  trapped  particle  distribution  must  be 
relied  on.  But  a radial  motion  of  a group  of  particles  is  subject  to 
being  interpreted  as  a convective  fluid  motion  of  the  entire  group. 

On  the  other  hand,  a decay  of  the  trapped  particic  flux  at  a single, 
isolated  location  perhaps  could  be  explained  by  sor.’.e  other,  yet  undis- 
covered, loss  process. 
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That  the  Liouville  distribution  function  N(M,  J,tt)  increases  with 
L is  suggestive  of  radial  tratisport  but  is  hardly  conclusive  evidence. 
The  must  compelling  evidence  for  radial  diffusion  perhaps  should  be 
sought  in  the  lower  L-shells  where  the  sources  and  losses  are  best 
understood.  It  has  been  noted  that  the  artificial  Starfish  electron 
belts  near  L = 1.  25  did  not  decay  as  rapidly  as  predicted  from  at- 
moRpneric  losses  alone.  Comput«^d  and  observed  deca*/  times  are 
compared  in  Figure  5-13.  Below  L as  1.  2,  the  observed  ■’ecay  time 
T and  the  decay  time  predicted  fro  i.  atmospheric  loss  tim^  differ 
enough  that  a cross  L-diffusion  coefficient  can  be  computed.  The 
atmospheric  loss  is  well  understood.  The  apparent  discrepancy 
could  only  be  explained  by  the  addition  of  electrons  diffusing  from 
higher  L-shells.  The  decay  of  the  Starfish  electrons  can  be  rep- 
resented by  a simple  empirical  relation: 


aN(M,J,R  .t)  N(M,J.R  ,t) 

Q O 

St  ~ ' T 


(5-85a) 


where  T is  the  time  required  for  a decrease  by  a factor  1/e  = 0.  368. 
The  diffusion  equation  for  this  case  can  be  solved  analytically  with 
the  result  (Reference  42): 


(5-85b) 


where  Tg  is  the  predicted  atmospheric  loss  decay  time.  The  mo- 
mentum of  particles  is  nearly  proportional  to  so  the  relation 

between  n and  measured  intensity  j (Equations  5-64  and  5-72)  is 


N(M,J,R  ) ^ — 
o 

M 


R 


o Mm 


(5-86) 


Computations  thus  far  have  been  practical  only  for  particles  with 
orbits  restricted  to  the  equatorial  plane  (where  J = 0)  . 
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Near  the  lower  edge  of  the  artificial  radiation  belts  the  intensity 
is  approximately  proportional  to  exp(138  x L).  In  this  same  region, 
ta  drops  very  rapidly  with  decreasing  altitude.  T and  are  compared 
in  Figure  5-13.  The  computed  diffusion  coefficient  (Figure  5-14)  has 
a strong  inverse  dependence  on  L (Reference  44).  This  result  is  not 
easily  reconciled  with  Equation  5-85.  Perhaps  a very  large  positive 
exponent  in  the  magnetic  fluctuation  power  spectrum  is  not  necessary 
if  the  diffusion  at  low  altitudes  is  principally  due  to  curl-frcc  electric- 
fields,  particularly  the  fields  associated  with  recurring  fluctuations 
(Section  5.4,3).  Indeed,  the  particles  noted  in  Section  5.4.3  that 
presumably  had  been  accelerated  by  recurring  field  fluctuations  were 
at  L 1 . 1 5 (Reference  76),  below  most  of  the  trapped  radiation 
regions.  In  the  higher  parts  of  the  trapped  electron  belts,  the  decay 
time  constants  of  Figure  5-15  have  to  be  explained.  The  estimated 
intrinsic  uncertainties,  except  where  indicated  in  the  figure,  are 
generally  of  an  order  of  magnitude  comparable  with  the  scatter  of 
individual  points.  The  data  points  attributed  to  Reference  98  are 
anomalously  high  because  they  include  the  effects  of  artificial  electron 
belts.  The  higher  characteristic  energy  of  electrons  released  after  a 
nuclear  detonation  results  in  lifetimes  enhanced  by  a factor  of  4 to  5. 

The  higher  set  of  data  points  attributed  to  Reference  104  represents 
only  the  electrons  with  more  than  1 -MeV  kinetic  energy.  The  solid 
curve  at  the  left  refers  to  computations  of  atrr.ospheric  losses 
(Referciice  41).  It  should  be  evident  from  this  figure  that  atmospheric 
decay  cannot  account  for  more  than  a small  fraction  of  particle  losses 
above  L as  1.5.  The  trapped  electrons  resulting  from  the  USSR  high- 
altitude  nuclear  explosion  of  1 November  1964  exhibited  a radial  spread- 
ing that  can  be  explained  by  radial  diffusion  (References  106  and  107). 
When  electrons  restricted  to  the  equatorial  plane  are  considered,  the 
resulting  diffusion  coefficient  is  represented  by  the  single  point  at 
L = 1 . 8 in  Figure  5-14.  The  L-dependenre  of  the  diffusion  coefficients 
in  the  lower  left  of  Figure  5-14  is  so  extreme  that  a nearly  vertical 
line  (with  a negative  slope)  appears.  Elsewhere,  the  diffusion  coef- 
ficients agree  with  Equation  5-85.  The  individual  points  at  L ■-  1.7, 

4.  1,  and  4.  4 were  computed  from  observations  on  the  decay  of  arti- 
ficial electron  belts  (Section  6).  The  curve  attributed  to  Reference 
75  pertains  to  the  diffusion  of  trapped  protons. 

An  interesting  case  that  seems  to  be  attributable  to  radial  diffusion 
was  observed  (References  108  and  109)  in  the  oute  r radiation  belts.  There 
the  electron  distribution  was  greatly  disturbed  by  a magnetic  storm. 

After  the  storm,  certain  features  of  the  radial  distribution  seemed  to 
drift  inward.  Figure  5-16  illustrates  how  the  perturbation  in  the 
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Figure  5-14.  Radial  diffusion  coefficients  for  electrons  with  90-degree  equatoriol 
pitch  angles  (Reference  110).  The  L-dependence  of  the  diffusion 
coefficients  in  the  lower  left  of  Figure  5-14  is  so  extreme  thot  a nearly 
vertical  line  (with  o negative  slope)  appears.  Elsewhere,  the  diffusion 
coefficients  agree  with  Equation  5-85.  The  individual  points  at  L - 1.7, 
2. 1,  and  2.2  were  computed  from  observations  on  the  decay  of  artificial 
electron  belts  (Section  6).  The  curve  attributed  to  Reference  75  per- 
tains to  the  diffusion  of  trapped  protons. 
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Figure  5-1  j.  Decay  time  parameters  for  trapped  electrons  on  intermediate  L*^hells. 

The  estimated  intrinsic  uncertainties,  except  where  Indicated  in  the 
figure,  are  generally  of  an  order  of  mognitude  comparable  with  the 
scatter  of  individual  points.  The  date  points  attributed  to  Reference  98 
are  anomalously  high  because  they  include  the  effects  of  artificial 
electron  belts.  The  higher  characteristic  energy  of  electrons  released 
after  a ludear  detonation  results  in  lifetimes  enhanced  by  a factor  of 
2 to  5.  The  higher  set  of  data  points  attributed  to  Reference  104 
represents  only  the  electrons  with  more  than  1-MeV  kinetic  energy. 

The  solid  curve  at  the  left  refers  to  computotions  of  atmospheric  loues 
(Reference  41). 
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ri^ure  5-16.  Inward  motion  of  trapped  electrons  during  o period  of  9 doys. 


distribution  moved  inward  while  preserving  its  general  shape.  The 
omnidirectional  fluxes  on  the  equator  of  electrons  with  energies 
above  1.6  MeV  are  shown  in  Figure  5-16  (Reference  108).  Though 
this  is  not  obviously  the  result  of  pure  radial  diffusion,  the  inward 
motion  can  be  described  by  a diffusion  equation  with  the  coefficients 
shown  in  Figure  5-14  (Reference  107), 

The  remainder  of  diffusion  coefficient  determinations  have  been 
primarily  attempts  to  explain  steady-state  features  of  the  trapped 
electron  and  proton  belts  (ReferenN.e  114).  Most  electron  diffusion 
coefficients  computed  for  the  region  between  L 1.  8 and  L.  5 
exhibit  the  expected  form. 

The  low-energy  trapped  proton  distributions  seem  to  be  consistent 
with  the  hypothesis  that  these  protons  originate  in  the  outer  mag- 
netosphere and  are  transported  by  diffusion  to  lower  L-shells  (Ref- 
erences 68,  75,  xnd  115).  Recent  examination  of  the  higher  energy 
protons  (Reference  116)  indicates  that  radial  diffusion  plays  an 
important  part  in  determining  the  distribution  of  these  particles 
below  I,  = 2.  When  the  albedo  neutron  source,  atmospheric  loss 
mechanisms,  and  radial  diffusion  are  combined,  the  resulting  dis- 
tribution is  consistent  with  the  observed  distributirn  of  protons  above 
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seweral  MfV.  Because  of  the  scarcity  of  definitive  meassirements, 
the  radial  <L)  dependence  of  proton  diffusion  coe''r’'cicnt8  is  not  yet 
certain  to  be  at  all  near 

5.5  NONCONSERVATION  OF  THE  FIRST  AND 
SECOND  ADIAUATIC  INVARIANTS 

5.  5. 1 Trapping  LImiM 

That  geomagnetic  fluctuations  and  large-scale  electric  fields  can 
alter  the  third  adiabatic  invariant  has  been  demonstrated  adequately. 

If  4 is  not  conserved  in  .he  trapped  radiation  belts,  changes  in  the 
first  and  second  adiabatic  invariants  might  also  be  expected  (Ref- 
erences 48  and  89).  The  power  density  of  geomagnetic  fluctuations 
observed  on  the  earth's  surface  falls  rapidly  with  increasing  frequency, 
but  enc!rgy  in  moderately  high-frequency  oscillations  near  the  gyro- 
frev,ucncy  and  bounce  frequency  is  still  sufficient  to  affect  trapped 
particle  motions.  Properly,  the  Fokker -Plane k diffusion  equations 
for  radial  di.fusion  and  pitch  angle  diffusion  should  include  terms 
resulting  from  failure  of  all  the  adiabatic  invariants  (Reference  48). 

Ore  possible  consequence  of  nonadiabatic  behavior  is  that  stable 
trapping  of  protons  and  heavy  particles  becomes  less  likely  as  the 
particles'  kinetic  energies  increase.  Section  3.  4.  3 noted  that  on  any 
L-ahcll  a maximum  energy  occurs  above  which  trapped  orbits  are  not 
possible,  'ctually,  the  maximum  energies  of  protons  observed  in  the 
trapped  radiation  belts  seems  to  be  somewhat  lower  than  predicted 
by  the  imple  theory  (References  11  and  117).  It  has  been  suggested 
that  this  is  because  inhomogeneities  in  the  magnetic  field  may  be 
about  the  same  size  as  the  particles'  gyro-radii.  Therefore,  M and 
perhaps  J might  not  be  strictly  invariant  (Reference  11).  Analysis 
of  naturally  trapped  proton  data  leads  to  an  empirical  formula  for  the 
maximum  momentum  of  protons  on  any  L-shell; 


This  momentum  limit  is  about  10  times  lower  than  the  limit  derived 
from  Stormer's  theory  for  orbits  in  a strictly  dipolar  field  (Equation 


3-48).  Protons  with  greater  momenta  presumably  are  not  trapped 
with  lifetimes  comparable  to  their  predicted  lifetimes  for  energy  loss 
in  the  atmosphere. 
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.5.5.2  Nonconservation  of  the  Second  Adiabatic 
Invoriont—Fermi  Acceleration 

If  a trapped  particle  is  to  have  its  adiabatic  invariants  altered, 
the  fluctuation  fields  must  be  aligned  in  such  a fas>'ion  that  particle 
acceleration  can  occur.  Section  S.'i.4  noted  that  only  certain  com- 
ponents of  the  fluctuation  fields  h.iu  any  eifcct  on  the  third  adiabati'' 
invariant,  e.  g.  , only  the  azimuthal  component  of  a large-scale 
electric  field  can  accelerate  particles.  Because  the  second  invariant 
J depends  on  the  longitudinal  component  of  momentum,  , only  the 
parallel  part  of  the  fluctuating  electric  field,  Ej,|,  should  be  expected 
to  cause  r.onconservation  of  J. 


A change  in  p^  does  not  necessarily  invou»'  •»  rl.ange  in  J,  however. 
For  example:  wken  a dipolar  magnetic  field  is  compressed,  the  field 
lines  arc  shortened.  Hence,  the  distance  between  mirror  points, 

ISm2  ■ ^ml  I'  decreased.  But  if  the  adiabatic  invariant 


if.  to  be  presorvc'd,  p^^  must  increase  enough  to  offar  i the  shortening 
of  the  trajec  tory.  The  resultant  increase  in  the  total  moitu-nluiTi  is 
a consequence  of  invariance  of  the  magnetic  momonf  invariant  M . 

It  has  been  c alled  F ertni  acceleration  bee  auBc*  a similar  effect  was 
invoked  by  Fermi  in  an  attc:mpt  to  explain  cosmic  ray  acceler.ation 
(References  34  and  6S).  A simple  explanaticm  of  Fermi  acceleration 
may  be  c onstructed  by  referring  to  a charged  particle  spiralling  about 
a field  line  as  it  emters  a region  where  the  field  converges.  In  a 
static  field,  the  particle  is  reflected,  with  no  change  in  its  kinetic- 
energy  (.Sec  tion  3.  3.  <d).  But,  if  the  turning  point  is  nioving  with  a 
longitudinal  velocity  toward  the  gyrating  particle-,  a stationary 

observer  would,  alter  rc-flec  (ion,  measure  an  increase-  by  an  amouiu 
of  in  the  particle's  longitudinal  velocity. 

The  energy  gain  (Fermi  acceleration)  i.i  a single  encounter  with 
a moving  magnetic  mirror  is  (Reference  113) 
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2^  2p  (V  + V /v„) 
II  m m " 
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This  formula  is  valid  when  the  velocity  of  the  moving  mirror  is  con- 
siderably less  than  the  speed  of  light.  The  mirror  velocity  is  to  be 
taken  positive  in  head-on  collisions  and  negative  in  collisions  in  which 
the  mirror  overtakes  the  particle. 

The  effects  of  hydromagnetic  waves  are  equivalent  to  the  accelera- 
tions incurred  in  many  random  encounters  with  moving  magnetic  mir- 
rors. If  some  average  frequency  of  encounters  exists,  the 
Fokkev-Planck  coefficients  for  tho  alteration  of  the  parallel  part  of 
the  momentum  (Reference  119)  arc 
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<{6pJ^)*  4 y m V V 


(5-89) 


(5-90) 


If  particle  motions  are  influenced  primarily  by  resonant  encounters, 
then  the  frequency  is  equal  to  the  bounce  frequency  or  approx- 
imately V||/S  , where  S is  the  distance  between  mirror  points.  The 
Fokker-Planck  coefficients  thuc  are  found  to  be  related  simply: 


(5-91) 


This  equation  has  been  derived  elsewhere  in  other  contexts  and  ap- 
pears to  be  a general  result  for  bounce  resonant  interactions  between 
trapped  particles  and  electromagnetic  disturbances  (References  105 
and  120).  The  same  >elation  could  be  obtained  (as  in  Section  5.4.4) 
by  presuming  ■'^al  the  distribution  function  f(p,,)  = constant  is  highly 
stable  against  instabilities  that  derive  their  growth  energy  fror  ^hc 
parallel  mom»  ntum. 
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The  order  of  magnitude  of  tiie  diffusion  coefficients  can  be  esti- 
mated for  genural  magnetic  disturbances.  The  mirror  velocity  is 
nearly 
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coB^  X (1+3  sin^  X ) 
m ni 

9 sin  X ( 1 + T sin^  X ) 
m3  m 


(5-92) 


where  B,|  is  the  parallel  part  of  the  disturbance  ampl-tude  and  V is 
the  frequency.  Tins  formula  is  valid  only  when  the  mirror  latitude 
X^n  is  not  too  near  zero.  Since  a continuous  wave  power  spectrum 
must  Le  presumed.particles  out  of  resonance  by  an  amount  6v  clearly 
can  inttract  only  with  a given  train  of  waves  for  a time  fit  asl/2  fip  . 
The  cha  ige  in  the  particles'  momentum  daring  the  same  tin.e  is 


* fit 

6p  - 2 >rn  V . 
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Averaged  over  time,  this  gives  the  FotOt  -r -Planck  coefficient 
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It  ca.i  be  shown  ( Refer ;.*ric e 121)  that,  where  fi  B is  the  average  am- 
plitude of  waves  in  a narrow  frequency  band  of  width  fi  1/ , the  power 
spectral  density  is 


P(t/) 


(fiB)^ 
2fi  U 


(5-95) 


The  strength  of  geomngnclir  flu<-f nations  with  periods  of  about  1 
second  can  be  estimated  by  presuming  that  distarbar.ces  originate  on 
the  exterior  of  the  trapped  i adiation  region  (References  119  and  122 
through  126).  The  trapped  plasma  behaves  as  an  elastic  medium; 
magnetic  disturbances  orupagate  inward  by  hyo  romagnetic  waves. 

A hyd romagnetic  wave  travels  with  the  A Ifvt^n  v eloc ity  (Referem  es 
59  and  61); 
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The  AUvtln  velocity  increases  with  decreasing  altitude  until  the  den- 
sity oi  the  atmosphere  p begins  to  increase  faster  than  D . If 
hy-iromr gnctic  waves  are  net  absorbed  strongly,  the  amplitude  of  the 
waves  above  r -a  1.  5 Rg  must  increase  with  altitude.  The  amplitude 
of  fluctuations  on  any  L-shell  above  L « 1.  5 is  thertfore  likely  to  be 
greatest  near  the  equator.  The  amplitude  ot  hydr omagnetic  waves 
can  be  represented  roughly  as 
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(5-97) 


where  b/|  is  the  amplitude  at  L = 6 (Reference  119)  (in  Me /c'*' /sec ). 
The  corresponding  Fokker-Planck  diffusion  coefficient  is 
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k.l 


Using  measured  power  spectra  in  tVie  outer  magnetosphere  (Ref- 
erence 127),  an  approximate  lifetime  of  I MeV  electron  at  L as  6 can 
be  found  with  the  aid  of  Equation  5-91; 


fJlL.- 
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2 yr 


(5-99) 


Apparently,  the  Fermi  acceleration  bounce  resonance  process  is 
significant  only  for  particles  mirroring  very  near  the  equatorial 
plane  at  times  when  the  power  density  of  magnetic  fhu  tuations  is  far 
above  the  nornjal  values.  A similar  result  follows  for  other  bourn  c - 
resonant  interactions  (Reference  120).  That  this  is  the  most  im- 
portant mechanism  for  depletion  of  tr.apped  particles  in  any  region  is 
therefore  unlikely. 
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Some  attempts  have  been  made  to  include  nonconservation  of  J in 
radial  diffusion  computations  (Peferenre  28),  The  experimental 
evidence  on  radial  diffusion  has  not  yet,  howi-ver,  been  adequate  to 
test  cases  other  than  J « 0 (Oj,  «=>  90  degrees). 

Whether  longitudinal  components  of  curl-free  elec  tric  fic.-ltis  with 
periods  near  1 sec  ond  result  in  trapped  particle  losses  is  uncert.iin. 
Electric  fields  play  such  important  rolc-s  'n  current  auroral  nccelern- 
tion  and  precipitation  theories  that  significant  effec  ts  on  trapped 
particle  populations  might  be  presumed.  This  is  almost  surely  a 
valid  conclusion  in  the  emter  parts  of  the  magnetosphere  (.Section  5.  6). 
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5.  5.  3 Nonconservation  of  the  First  Adiabatic 
Invariant— Wave  Particle  Interactions 

The  magnetic  moment  invariant  M involves  only  the  transverse 
part  of  the  momentum.  It  does  not  follow,  however,  that  changes  in 
and  pji  (and  hence  in  M and  J),  are  always  independent.  The  ef- 
fects of  electromagnetic  waves  near  the  trapped  particle's  gyro- 
frequencies  are  somewhat  more  complicated  than  the  effects  of 
relatively  slow  magnetic  fluctuations. 


Elfc'tron-.agnctic.  waves  of  moderately  liigh  frequencies  are  prop- 
agated quite  efficiently  along  magnetic  field  lines.  While  traveling 
from  one  "end"  to  the  other  along  a *'ield  line,  a wave:  has  an  op- 
portunity to  interact  with  many  particles  on  the  associated  L-shell. 
Also,  the  wave  might  he  reflected  by  the  ionosphere  and  make  several 
travt-rsnls  of  the  field  line  before  dying  away.  A wave  propagating 
along  a field  line  can  be  represented  by  the  solutions  to  Maxwell's 
equations  (in  rectangular  coordinates)(Reference  128): 

E j = X cos  f y l{j  + ?.  os  iD  ( I-  100a) 


B j = T X Ilj_  sini  •*  y Bj_  cost;  (5  - 1 00b) 

Jj  = X sin  Ig  ? y Jj^  cos  tl)  -t  z J„  sin  0 . (5-1  00c) 

The  z-axis  hert  is  along  the  field  line.  Thi*  phase  angle  C is  w ^ -kz 
where  k,  th<-  wave  number,  is  equ.il  to  2ff  divided  by  the  wave  length. 
Maxwell's  equations  (Equations  i-105  through  3-108)  for  the  pcrturbc'd 
field  of  lh«'  wave  reduce  to: 


- E, 

(5- 101a) 

, / \ 

4ffc  \ ^ ' a-  I 

(5- 101b) 

C^-lOlc) 

(E  and  B are  in  conventional  gaussian  units,  and  .1  is  in  emu,  see  Ap- 
pendix 3A).  There  is  an  arbitrariness  in  the  sign  of  some  components 
of  the  field  vectors.  Clearly,  the  upper  signs  pertain  to  a right-handed 
circularly  polarized  wave  ihcl  lotates  in  ihc-fc.tii.c  sense  as  the  gyrat- 
ing electrons.  The  other  signs  yield  a left-handed.  i irculaiTy  polar- 
ized wave.  The  relative  phases  of  the  rotating  transverse  wave 
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vectors  are  depicted  in  Figure  5-17.  The  wave  vectors  are  depicted 
there  as  seen  by  a stationary  observer  looking  in  the  negative  z 
direction.  The  field  components  should  be  ci-nsidered  rotating  clock- 
wise (upper  diagram)  or  counterclockwise  (lower  diagram)  as  viewed 
by  a stationary  observer  looking  in  a direction  contrary  to  the  unper- 
turbed magnetic  field.  The  shaded  area  labelled  fi  represents  the 
perturbation  in  the  electron  distribution  function. 

Longitudinal  oscillations  car.  be  separated  from  transverse  oscil- 
lations if  propagation  is  strictly  along  the  direction  of  the  magnetic 
field.  The  mixture  of  transverse  and  longitudinal  oscillations  that 
would  result  from  nonparallel  propagation  leads  to  elliptical  polar- 
ization. Only  purely  circular  polarization  is  considered  here. 

Gyrating  particles  interact  with  all  components  of  an  electro- 
magnetic wave.  If  a wave  con.sists  entirely  of  longitudinal  oscilla- 
tions, the  only  force  acting  on  a charged  particle  is  along  the  direction 
of  propagation.  If  it  is  moving  along  a field  line  with  nearly  the 
velocity  of  a longitudinal  wave  but  slightly  out  of  phase,  the  particle 
will  b-!  accelerated  by  the  longitudinal  electric  field  Ej  j,  . Given 
fufficient  time,  the  gyrating  particles  adjust  their  speeds  to  the  phase 
velocity  of  the  wave  so  that  they  will  eventually  ride  along  in  the 
"troughs"  or  "crests.  " The  mechanism  by  which  the  transverse  part 
of  the  velocity  is  alten.d  in  wave-particle  intei  actions  is  .onsiderably 
more  complicated.  When  gyrating  particles  encounter  circularly 
polarized  waves,  the  v x Bi  term  in  the  equation  of  motion  (Equation 
3-3)  has  both  longitudinal  and  '.ransverse  components. 

A.n  observer  moving  with  a circularly  polci’-ized  electromagnetic 
wave  would  sense  no  rotation  of  the  field  vectors.  and  B j 

would  appear  to  maintain  a fixed  or i.-ntation  with  respect  to  the 
steady  state  field.  But,  to  particles  moving  with  longitudinal  vel- 
ocities different  from  the  wave  phase  velocity,  the  wave  rotates  at 
a doppler  - shifted  frequency.  Partic’^s  overtaking  the  wavt;  experience 
a perturbed  field  that  rotates  in  a direction  contrary  to  the  actual 
polarization.  When  the  relative  longitudinal  velocity  of  wave  and  par- 
ticle is  just  great  enou[,h  that  the  particle  senses  a wave  field  ro*^atihg 
at  its  own  gyro-frequency,  the  particle  is  in  r esonaiice  with  the  wave, 
A particle  that  is  just  slightly  out  of  r^icnance  can  be  accelerated  in  a 
manner  analogous  to  the  acceleration  hy  longitudinal  osciLations. 

Only  particles  that  are  very  near  to  resor.«:nce  can  be  affected  strongly 
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by  wav.’  partu  li-  intr;  u tions.  Usually,  |jositi\.i  ly  ..mi  nc  (>.i  l ; vi- ly 
ch.irgicl  partirh'S  may  be  i;-.  rusona  iii  f with  ib.i-  ^aiin'  u.av.c',  ..  Ithn.ij’li 
their  lonp,itudi  tvi  1 vclmity  roii'.poncnl  s an-  i-iUiri-ly  d 1 1 f c re  nt . the 

longitudinal  veloi  itie.s  of  resonant  particles  ar.  rel.ited  to  tb.i-  vvavi' 
phase  veloritn  . ; 

V = ^ (S-IOZ) 

O k 

by  the  doppler  frequiam  y shift  condition  (r.v  ferenc c lii  ')  ‘‘or  electrons 


a'  - a 

V.,  I.  V ^ Ci-lOBa) 

p u 

and  for  protons 

a;  ‘ a; . 

"N  ^ • (t-iodb) 


and  ic-  are  the  ;;yro-fr cqut'nncs,  which  inc  lude  a iactur  ot  the 
inv.  rsc  of'  tne  relativistic  dilation  factor  y.  These  two  equations 
are  valid  for  right-handid  waves  — rotattrgi;  in  the  same  sense  as  the 
electrons.  They  can  be  employed  for  waves  of  either  polarity  M a.' 
is  regarded  ns  negative  for  left-hai  rh-d  waves. 

From  Equation  5-103,  the  rather  odd  lesult  follows  that  a wave 
rotating  in  thi-  same  sense  as  the  elet  tr'ins  but  at  a liequem  y biTow 
the  electron  gyro-frec|uency  will  Vie  in  reso.nam  e with,  elec  Irons 
moving  in  a dirc'ction  opposite  to  ihe  wave.  Piotons  in  resonanc  e- 
with  tVio  s.ame  wave  must  be-  moving  in  the  same-  direction  ns  the  wave 
but  slightly  fastc-r. 

In  a coordinate  frame  moving  together  with  a circularly  polarized 
wave  at  the  phase  velocity  V^.  the  Ej  force  appears  to  lie  cancelled  by 
the  V X B j / c force.  The  accelerating  (E)  force  on  a resonant  particle 
in  this  coordinate  frame  is  zero,  therefore  its  total  energy  remains 
constant  (References  129  tnroagh  133).  The  momentum  relative  to  the 
moving  reference  fram.e  which  also  must  be  conserved,  is 


= /P" 


"^'w^Pn 


(S-104a) 


(5- 104b) 
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Because  some  radiation  belt  partii  les  have  velocities  near  the  speed 
of  light,  a fully  relativistic  formulation  has  been  retained.  When 
rr.aking  the  transition  to  a nonrelativistic  formulation,  both  and 
the  mass  dilation  factor  y must  become  nearly  equ."  I to  1 . The  phase 
velocity  of  most  plasma  uavei  is  actually  so  .small  that  seldom 
differs  appreciably  from  1 . 


According  to  Equation  5-104,  an  infinitesimal  alteration  of  the 
transverse  momentum  fi  p^  is  related  to  an  infinitesimal  change  in 
the  longitudinal  momentum  6 Pi^or: 


In  the  nonrelativistic  limit,  this  reduces  to  a much  simpler  formula 
(References  131,  134,  and  135): 


Pi®  Pi  " -(P„  - niVj  • (5- 106) 

Figures  5-1  8a  and  5-l8b  illustrate  the  velocity -s pace  diffusion  tra- 
jectoiies  of  protons  interacting  with  v/aves  at  the  proper  phase  veloci- 
ties. In  constructing  these  relations  between  v^  and  Vj^  Equation  5-115 
was  utilized  since  it  provides,  in  conjunction  with  Equations  5-103  and 
5-105,  a relation  between  phase  velocity  and  frequency.  At  high 
velocities,  these  trajectories  are  very  nearly  circular;  this  means 
that  the  alteration  of  the  particles'  kinetic  energies  is  slight.  The  cor- 
responding velocity  space  trajectories  would  be  indistinguishable 
from  circles  for  most  radiation  belt  electrons. 


From  the  preceding  equations,  a simple  relation  follows  for  the 
change  in  the  transverse  part  of  the  momentum  relative  to  the  change 
in  the  total  momentum  of  electrons: 
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(5-107a) 
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PITCH  angle  *p<«.'*g) 


Figure  5-‘i8a.  Velocity  space  trajectories  of  o proton  interoctinn  with  circularly 
polarized  waves— velocity  components  are  relative  to  the  Alfven 
velocity  V. . 
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<:l«  .irly.  iIc-IIim  i iony  nf  nyraliii'i  p.irtii  !«■“  an-  niiuh  nton*  important 
11. .in  I li.inpi's  in  llu-  t'lial  momcntiiiii  wIumu'vit  llifc  freqiionry  of  thi‘ 
\v.ivi-s  is  inmli  lowiT  thaiilln'  particl<-s'  ny  r:i-fri'qiii>n'.ios . Also, 
uppos  it  (■  I y I hafu*'<l  p.irliili-s  aro  rii-f  in  cpiite  riiffe  fi-til  rli'-ci-tions 

liy  till'  H.iMif  wavo. 

It  sluii.lfl  bo  ospooially  ompli.i.si/.otl  ih.it  Equations  5-105  and  5-106 
;uul  llio  .11  t ompanyinp  fijjtnros  apply  only  to  oirt  ularly  pt.  lari/.oii  waves 
in  a hotiiocom'ou.s  plasma.  Thoro  art*  many  r*xoopti(.ins  w'nl.  h allow  a 
(jroalor  donroi*  of  aoooloration  than  would  aoom  to  be  perniitted  by  the 
dorivofi  tliffiision  t ra  joi  torieti . A 'harped  particle  in  a t.onverjiinp 
magnetic  fiolrl  experiences  a turning  force  (l\'qnalion  i-42a)  whit  h.  r>'.*',  , 
iinrler  certain  londitions,  balarice  the  acceleratine  force  due  to  the 
wave  (Heferenee  I it).  Tlic  pa  rtii  le  then  can  be  'held"  in  .■*.  lo<ali/.t(i 
reuiun  while  I <*inn  accelerated  over  many  eytde'i  of  the  wave.  This 
mechanism  has  lieiin  supnested  as  a means  for  ;. cc.de  ratinp  heavy 
ions  at  rel.atively  low  altitudes  (Reference  1 if>). 

5.5.4  Propcigotion  of  Waves  in  a Plasma 

In  lh(*  prei  t*din(>  sei  tion  it  was  pointed  out  that  a char^>ed  particle 
in  resonance  with  an  electromannetic  vvave  cx‘  hanu«*s  energy  willi  llie 
wave.  I''rom  a knowledge  of  the  wave  power  spectrum  f>n«;  might  de- 
rivt*  rllffusion  coeffit  ients  tliat  flescribo  the  changes  in  the  particles' 
energy  and  pitch -angle  distril  utions  . However,  the  piidure  would  not 
lie  complete  lieiause  the  resonant  p.articles  cause  absorption  or  ampli- 
fication of  the  waves.  The  effect  ol  the  partii  les  on  waves  that  propa- 
,eate  t*'irough  the  plasr.a  is  accounted  tor  in  the  dispersion  equation. 

The  c*qu.ition -of  - motion  of  particles  interacting  with  a plasma  wave 
is  the  Holt/mann  equation  (liquation  Eel  the  distribution  func- 

tion be  represcnte<i  by  a constant  part  f.  plus  a sn’all  part  perturbed 
by  the  wave,  f|.  When  f > f|,  ITi  , and  TfT  > TTi  are  substituted  in  the 
Holt/.mann  equation,  the  result,  to  first  .»rder  in  the  perturbed  quanti- 
ties, is  the  Holt/mann- Vlaa-jv  equation  (Reterence  26); 
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( ;ul Uh  inns  liHvo  bt:on  innon-d  here,  they  can  do  no  more  than  absorb 
<!m  rj>y  frf>m  all  particles,  more  or  leas  independent  of  their  phase  re- 
l.ilior.sliip  with  the  waves.  The  v/ave  field  may  be  represented  by  the 
i).s(  ilh'lory  part.s  of  Kquation  -)-ll.  and  fj  may  be  repre.sented  by  a 
funcliiin  of  the  form  (>  ain(t  i 'I'l. 


The  ecinations  for  lonnitudinal  and  transverse  oscillations  are  separ- 
ahh?  for  the  .special  case  of  propagation  along  the  direction  of  the  exter- 
n<il  magnetic  field.  For  a niore  thorough  treatment  of  waves  of  various 
polarizations  propagating  at  arbitrary  angles  to  the  magnetic  field,  see 
Ref«>ri>m:i!  1 i-i,  anfl  particularly  References  137  through  140,  However, 
most  of  the  interesting  results  follow  froir.  a sirnplilied  treatment,  so 
tlu!  di.sciission  luire  will  lie  Umitea  to. parallel  propagation. 


.Siib.stitution  of  f|  into  the  current  equation 
J I — J J 'I  ~f| 


(5-109) 


facilitates  the  elimination  (,'f  g,  F|.  and  F . The  result  is  the  disper- 
sion equation  relating  the  freqtiency  and  wave  nuntbcr  of  curcularly 
p<jlari/ed  waves  (References  1 33,  1 34,  and  141): 


a - k c 
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electrons 
and  ions 


(<*11*  - kp /iT.y) 
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Note  that  the  gyro -frequency  still  contains  the  factor  1 /y.  The  upper 
signs  pertain  to  right-handed  (Kill  waves,  and  the  lower  signs  pettain 
to  left-handed  (FH)  waves.  The  dispersion  equation  for  longitudinally 
polarized  waves  is  (after  a partial  integration  with  respect  to  p,,); 
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The  electron  and  ion  plasma  frequencies  are  (References  34.  5H.  and 
14H); 
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u;  ,(»ec  *S  ^ 1.317x10^  ,/^.(crt.“^) 
pi  V 1 


(5-1 12a) 


(5-1 12b) 


(5.1  12c)| 


A useful  parameter  characterizing  the  ionization  density  of  a mag- 
netized plasma  is  the  ratio  of  the  squares  of  tne  electron  plasma  fre  - 
quency and  the  electron  gyro -frequency: 
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(5-113) 


(There  does  not  seem  to  be  a well-established  symbol  for  the  quantity 
defined  in  Equation  5 - 1 1 3;  the  choice  of  Q is  rather  arbitrary.  ) Here- 
after, to  avoid  contusion,  the  capital  letter  symbols  Si^,  0^,  will 
be  used  to  designate  the  part  of  the  gyro-frequency  that  is  independent 
of  the  particle  momentum.  The  plasma  density  paran'eter,  Q,  is  es- 
se.tlally  the  Inverse  of  the  magnetic  energy  per  particle , a parameter 
tnat  appears  in  much  of  the  current  literature  (e.  g,  , llefcrences  I 34 
and  142  through  144).  Figure  5-19  show.s  some  typical  values  of  Q 
throughout  the  magnetosphere.  Generally,  it  is  .anlicipatud  that  the 
character  of  plasma  waves  changes  dramatic.illy  as  Q passes  through 
the  value  of  1 (References  142  through  144).  It  might  l)e  further  de- 
duced that  the  interactiont:  between  waves  and  particles  have  different 
coasequences  inside  and  outside  the  plasmapause  where  Q may  drop 
from  a value  greater  than  1 to  a value  nmch  less  than  1 It  likewise 
can  be  inferred  that  plasn\a  oscillations  are  insignifi<  ant  t;elow  the  E 
layer  of  the  ionosphere  where  Q falls  rapidly  toward  zero. 


Consider  waves  traveling  in  a plasma  with  .in  isotropic,  low  •ifmpt  r- 
atu’e  particle  momentum  distribution.  .Since  electrical  mMitralitv  re- 
quires equality  uf  the  numbers  of  ions  and  electrons,  the  ion  plastiia 
frequency  is  negllbible  compared  with  the  electron  plasma -frcqui-m  y . 
The  dominant  terms  in  the  longitudinal -polar izat ion  dlspi;rsion  i-qualion, 
5-111,  are 


S 


electron  gyro-frequency-squared,  o»i  the  irorning  ar»d  doyside 
his  figure,  the  values  ore  representative  of  typical  conditions 
adapted  from  Figure  5-2  and  RefererKe  1^5.) 
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That  is,  in  a cold  plasma,  the  only  possible  lon>jitudinal  waves  are 
non -propagating  electrostitic  oscillations  at  the  piasnia  frequeni'y 

n (Reference  128). 

P 

Electrostatic -type  waves  propagating  at  large  angles  from  the  mag- 
netic field  have  beer,  observed  (References  14b  through  149),  although 
their  significance  ia  not  yet  fully  understood,  .Some  electrostatic 
waves  can  exchange  energy  quite  efficiently  with  trapped  particles 
near  the  loss -cone  of  a typical  trapped  pitch-angle  distriljution  (Re- 
ferences 150  ard  151).  Electrostatic  waves  have  been  shown  to  l.'o 
very  effective  in  accelerating  trapped  particles  (Referemes  152  through 
1541  and  might  perhaps  lie  shown  to  be  responsible  for  many  of  the 
effects  once  attributed  to  circularly  polari/.cd  electromagnetic  waves. 
The  treatment  of  electrc^statii'  waves  is  slightly  more  complii  ated 
than  the  circularly  polari/.cd  waves,  and  the  interested  reacier  is  re- 
feried  to  the  sources  cited  above  and  Reference  lit.  It  is  certainly 
agreed  that  most  of  the  waves  generated  in  the  upper  ionosphere  are 
electrostatic  in  nature,  although  their  effects  on  trapped  particles 
are  limited  to  the  edge  of  the  loss  cone;  for  a particular  e.xaniple, 
see  Reference  I 5b . 

The  propagation  of  circularly  polari/cd  waves  in  a plasrna  consist- 
ing entirely  of  low-velocity  particles  is  desi  ril)ud  l)y  ihe  cold-plasma 
dispersion  equation  (References  128  and  133) 


Again,  a single  equation,  without  the  ! signs  cjf  l-;quution  S-  I 10,  suf- 
fices for  both  KH  and  LI  1 polari/_tion  if  Ui  is  conjiden-d  to  lx-  negative; 
for  Lll  waves  and  vice  versa.  The  cold  plasma  dispersion  equation  is 
rather  insensitive  to  small  deviations  from  propagation  slriiily  |)aral- 
lel  to  the  external  magnetic  field  (References  128  and  1 H) 


Usaally,  in  the  magnetosphere,  the  wave  fn*queni  y is  low  t;nough, 
and  Q is  sufficiently  largo  that  an  adequate  <ip[>roximation  to  I'.'quation 
5-115  is 
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(5-116) 


The  low-frequency  right-handed  waves  to  which  Equation  5-1 16  applies 
are  in  the  whistler  mode;  whistler -mode  waves  are  one  of  the  predomi- 
nant types  of  magnetospheric  VLF  radio  noise.  At  somewhat  lower 
frequencies  the  RH  waves  are  in  the  m^gnetosonic  mode 
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The  Lll  analog  of  the  niagnetoaonic  mode  is  the  ion -cyclot run 
ion-cyclotron  waves  also  otuiy  Equation  S-ll?  (with  a negative  frequerv  y). 
The  interaction  of  ions  with  ion-cyclotron  waves  is  quite  similar  to  the 
interaction  of  electrons  with  whistler  waves. 

Of  considerable  practical  interest  is  the  resonani  e condiiion  relating 
the  wave  frequency  to  the  velocity  of  u resonant  partiiTe.  I-'o*'  an  elei  - 
tron  in  resonance  with  a wluatlcr  mode  wave,  l-;quatiuns  H-iola  and 
5-116  give 
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The  corresponding  resonance  condition  for  an  ion  in  resonance  v'.ith  a 
wave  in  the  ion-cydotron  mode  is 
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The  resonance  conditions  ftir  an  electron  proli;n  plasma  are  plotted 
in  Figures  5-40  and  5-41,  for  electrons  and  ions,  res ped i vely . The 
plotted  curves  include  the  ompletc-  dispersion  equation,  5.|  IS,  .uu) 
the  relativistic  cor  rei  tions . It  is  remarkable  that  the  necessity  for 
the  relativistic  corrections  deptuids  more  upon  the  value  of  Q limn 
upon  the  particles'  speeds.  For  large  values  of  U 1)  the  rc!lnli- 
vistic  and  nun- rclativislii.:  resonance  cotulitions  ari-  nearly  irli.-nl iiu  1 . 
For  very  small  values  of  Q t le  relativistic  resonam c i undilion  in  the 
vicinity  of  the  gy ro-frequvuicy  gives  a resonant  inomentum  about  one- 
half  that  predicted  by  the  simpler  non- relativistic  I'ormul.i, 


The  resonant  momenta  very  near  the  gyro-frequen'  iim  ai'c  actually 
slightly  modified  by  the  effects  of  finite  plasma  lemperat  urtm  . A 
simple  test  of  the  necessity  for  finite -temperature  lorrei  tiom  is  to 
compare  the  kinetic  energies  (jf  thv?  important  ri:si>nanl  partii  les  with 
the  niean  the rmal  eno r gies  . (jenerally.  the  resonant  velin  it  ies  at 
low  frequencies  are  far  greater  than  t.he  average  lliermal  v»‘hn  it  iim  . 


’ * 


However,  if  a finite-iemperature  correction  is  inherit'd,  the  form  (»f  the 
distribution  function  must  be  retained  explicitly  in  Equations  Sdi'o  aiul 
5-ill,  rather  than  regarded  as  a Dirac  delta  - function  arcjuntl  /.ero 
momentc.ni.  One  case  in  which  llu;  finite -t  empe  rain  re  lorrediotis 
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Figure  5-20.  The  reiatlvijtlc  resononce  conditions  for  electrons  interacting 
with  ciici'iarly  polarized  waves  in  an  electron-proton  plasmj. 
(On  the  light  portion  of  the  figure,  for  * ■ fj  j,  the  electrons  can 
resonate  only  with  right-honded,  whistler  mode  woves.  Below 
the  ion  gyro-frequcncy,  resonance  is  possible  with  left-handed  or 
right-handed  waves;  in  the  zero-frequency  limit,  those  two  res- 
onances ore  identicol.) 
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Figure  5-21.  The  relativistic  resonance  conditions  for  protons  interocting  witii 
circularly  polcrized  wave>  in  on  electron-pioton  plasma.  (On 
the  right-hand  portion  of  the  figure,  the  protons  ore  In  resonance 
only  v/ith  right-handed  waves.  In  practice  only,  the  region 
around  proton  gyro-frequency  is  of  interest;  there  is  o minimum 
momentum  below  which  resonance  with  right-handed  waves  is 
effectively  prohibited.) 
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must  be  made  is  in  the  resonance  of  electrons  with  IJi  ion -cyt  !o*  ron 
waves.  That  resonance  is  so  near  the  ion  jiy’ tj  -f-equetu  y lhai  theiors' 
teniperature  must  he  considered.  The  '.orrectiid  ion -cyt  lolron  wave 
phase  velocity  has  a minimum  nearOp  which,  in  turn  Ic-atls  to  a 
minimum  resonant  velocity  (Reference  133).  Tlu  comp'.iteci  minimuT^i 
phase  velocity  and  electron  moioentum  are  shown  in  Kifiure  S T7 
The  minimum  energy  of  ati  electron  r«‘sonating  with  ion-'.  yi  lotron 
waves  inside  the  pla  ' mas phe re  is  of  the  ordt?r  of  several  M<-V 


AMPLIFICATION  OF  PLASMA  WAVES  INSTABILITIES.  The 
cold  plastna  dispersion  equation  (Equation  S-115)  was  derived  subject 
to  the  assuniption  that  the  only  contribution  to  th.e  integral  of  Equation 
5-ilO  was  near  p 0.  Of  course,  most  plasnias,  and  especially  the 
magnetos phc ric  plasma,  include  enough  particles  ,it  finite  monienta 
that  the  denominator  of  the  integrand  niakes  a large  coni rihulion  at 
Pii  niy(arfsl^,)/i<.  The  denoniinator  is  singular  at  the  resonant  momentuni, 
and  (jnly  yields  a finite  result  if  a small  imaginary  part  is  added  to 
the  frequency  or  wave  number  (References  SS,  133,  and  134),  This 
is  equivalent  to  ^ multiplication  of  the  amplitudes  of  the  sinusoidal 
wave  field.s  by  an  e-Kponential  growth  or  decay  factor.  Because  the 
waves  in  ihe  magnetos  pile  ric  plasma  pass  through  spatial  inhomc- 
geneities  , it  seems  proper  to  c onsider  the  amplification  rate  6,  the 
imaginary  part  of  the  wave  number.  The  growdh  rate,  which  is  the 
imaginary  part  of  the  frecjuency.  is  ideally  a characteristic  parameter 
of  an  infinitely  extensive  homogeneous  plasma.  Either  parameter  can 
be  derived  from  the  basic  dispersion  equation;  the  amplification  and 
growth  rates  are  related  through  the  group  velocity  V^, , or 


In' (w) 

fm  ( k ) 


(S-120) 


For  transver.se  circuhirly  polari/.ed  waves,  the  group  velocity  is 
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A straightforward  derivation  of  the  amplification  rale  often  yields 
a combination  of  two  solutions  a growing  wave  sohilion,  and  a decaying 
wave  solution.  One  of  these  solutions  is  not  nieaningfol,  and  can  lie 
ruled  out  because  it  docs  not  conserve  energy.  fhe  convention  followed 
here  is  that  a positive  amplification  rate  applies  to  growing  waves 
in  that  case,  the  waves  will  grow  until  eil^ier  a major  part  of  the  parti- 
cles' kinetic  energy  is  dissipated  or  the  waves  are  rustrainetl  l>y  an 
external  agency.  A negative  amplification  rale  means  that  the  parti- 
cles absor  b energy  from  the  wave 
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20(T>,^a 

momentum  for  ion-cyclotron  waves  os  a function  of  ,d  “““■  'S'  ” 

3m 

2Q'f 

y . (Note  thoT  this  definition  differs  by  o foc.tor  of  2/3  from  the 

more  conventional  definition.  The  momentum  is  in  dimensionless 
units,  U ■ p,|>/G/mgc2.) 
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The  er.ergy  soLirce  needed  lo  suslain  wave  I'.rowlh  it.  just  t)ie  kiru^li. 
energy  of  the  faster  resonant  particles.  If  it  is  arisim'.ed  that  the  waves 
have  not  had  Pufficit'ot  tin.c  te  oxehanjie  a|)|)rei  ial>le  imoiniis  oi  etiei-ev 
from  the  particles,  the  constant  part  of  the  distribution  may  be  splil 
into  two  parts:  (11  an  isotrop'.e.  ii)w-tetnpe:  at".rt:  part,  anri  (J)  .i  nnn - 

thermal  part  that  may  comprise  only  a small  fraction,  T),  of  the  total 
number  of  partic  les.  The  real  part  of  the  dispersion  equation  is  merely 
the  cold  plasma  equation,  5-115.  The  imaginary  part,  which  gives  6, 
involves  an  Integral  over  the  non-thermal  part  of  the  distribution.  If 
the  non-thermal  part  of  the  distribution  is  represented  by  f(p) . now 
norrnali/.c. d so  that 


;;;  fipid  p ::  i 


(5-12il) 


the  imaginary  part  of  the  dispersion  equation  it 


Z n*  {sign} 

ions  + electrons 
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(5-123) 


There  is  an  ambiguity  of  sign  in  the  above  equation  which  will  he  re- 
solved in  the  final  result.  1 lie  equation  is  of  little  interest  itself  except 
to  demonstrate  that  the  integrand  is  very  sharply  pealced  at  the  resonant 
momentum.  If  6 is  rriuch  less  than  the  real  fjart  of  the  veave  number  k. 
be  integration  can  lie  perforined  with  the  aid  of  the  Dirac  della  function 
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The  amplification  rate  is 

c ions  4 electrons 
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The  integrand  must  be  evaluaterl  at  tl.e  resonant  momcnluM,  p . a solo 
lion  of  the  resonance  relation 
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The  phase  velocity  is  Rnnerally  small  compared  with  the  speed  of 
light,  In  v^hich  case  the  coir  plicated  denomlnatcr  disappears  and  an 
integration  by  parts  gives 
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The  last  part  ol  the  integrand  of  the  above  eejoation  is  alv^ays  nega- 
tive and,  by  its ulf. would  lead  to  wave  absorption.  I'he  explanation 
for,  and  consequerires  of,  the  abfrorption  are  analogous  to  Landau 
damping  in  the  simple  theory  of  elei;trostaHc  waves  (Referent:e  133). 

The  damping  effect  arises  because  any  distribuiiun  function  begins  at 
‘■ome  pol.nt  to  fall  off  with  increasing  momentum:  when  that  happens, 
there  are  more  particles  which  tend  to  retard  the  wave  than  there  are 
accelerating  the  wave.  The  actual  Landau  damping  of  transver.scly 
polarl/ed  waves  Is  somu'vhat  complicated  hy  propagation  at  finite  angles 
to  the  magnetic  Hold,  where  the  waves  tend  to  Ijehave  as  tliough  thuy  had 
also  an  appreciable  electrostatic-mode  component  (References  157  and 
15H),  All  that  i(i  important  here  is  that  when  the  pllth -angle  distribu- 
tion is  sufficiently  anisotropic, the  first  part  of  the  integral  predomi- 
nates and  some  waves  can  experience  a growth  in  amplitude 


The  non-relativistic  approximation  to  the  last  equation  is  often  pre- 
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The  necessary  conditions  for  wave  growth  (in  tlu-  [)ri-i=oru:i-  of  .i  singh' 
dominant  resonant  species)  arc  simply 
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electrons  in  LH  waves 
ions  in  F H waves 

The  amplification  rate  by  itself  does  not  tell  much  about  the  be- 
havior of  plasma  waves  The  amplification  rate  is,  merely,  the  linea- 
ri/.ed  rate  at  which  the  amplitude  of  a perturbation  bufjins  to  increase. 

A calculation  which  results  in  an  amplification  rate  comparable  v/ith, 
or  greater  than,  k is  in  obvious  conflict  with  the  condition  for  the  vali- 
dity of  Kquation  S-14'4.  Such  a recult  should  be  tsken  to  mean  only 
that  the  plasma  is  highly  unstable  to  generaiinr.  of  waves.  When  the 
8lii;ple  Unearl/ed  tlieory  leads  to  corilradictions . or  when  the  wave 
amplitudes  have  grown  large,  some  form  of  nonlinear  treatment  niu.^t 
be  employed.  One  successful  analytic  method  for  treating  nonlinear 
gro^vth  is  referred  to  as  quaHjlinear  theory.  Quaslllncar  theory  is  a 
sei  ond  order  approximation  in  which  the  part  of  lie  clist  rilnition  function 
that  is  constant  in  the  linear  theory  is  allowed  to  vary  at  u slow  rate 
compared  with  the  wave  frequency.  QuasUinear  theory  leacls  naturally 
to  diffusion  cuefflcients  that  describe  the  behavior  of  flu*  plasma  over 
extended  time  intervals.  Some  applications  of  quaaillnear  theory  to 
magnetos  pheric  waves  are  to  be  found  in  UoferenceH  IH'i  ihrcnigh  lt>7. 
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A computational  method  that  is  lieginnlng  to  prove  its  value  in  the 
solution  of  plasma  problems  is  computer  simulation.  Tlu>  mtjst  ver.sa- 
tile  plasma  simulation  programs  are  liased  toi  tlu’  Hlmpl»*sl  formula - 
tions  of  the  equations -of -motion  of  a chargcnl  parlii  It;,  or  group  of 
particles.  The  trajectories  of  many  partii  les  are  numerically  inte- 
grated over  many  steps;  at  ea<.:h  st«?p  all  the  field  quantiliirs  an*  re- 
computed from  the  partic  le  dlsli  il)ulion  and  used  lo  alter  lh«‘  parlit  le 
trajectories  in  the  next  step  of  the  liUegralion  I'lit;  midbod  has  many 
limitatiuns,  out  the  least  of  whii  Ji  i»  imposivl  liy  the  storage  l apitljili 
ties  and  c:omputation  times  of  large  digilal  lompiiters.  There  are 
many  awkward  difficulties  tlial  still  have  to  l>e  ovenoTiie  in  the  a;)- 
plication  tc  magtietos phe ric  pr<»blenis.  parlieularly  tlie  largi>  mass 
ratio  of  Ions  to  electrons  anct  the  representation  of  the  flipoie  fii-ld 
geometry,  liowever,  the  sm  ccisses  ol  ilu-  methoti  he.v  been  impres- 
sive; for  notahl',!  ex.imples  see  Ueferences  Ibfi  l b.  rmudi  I 'II 

In  spite  of  tlie  limitations  of  lh<-  line.iri/.ed  llieory.  it  may  he  adv.in  ■ 
tageouo  to  present  some  addllion.il  formulae  lo  be  u'  i d in  esi  i mal  inu 
amplification  rates.  When  the  variables  of  inu-g  rat  ion  .in-  liie  losii-c 
of  the  pitch  angle.  and  the  total  nioMUMUum,  p,  llu-  .impli  !ii  ol  ion 
rate  becomes 
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When  the  integration  is  restricted  to  a single  plasma  lomponent,  it  may 
be  helpful  to  change  variables  to  the  dimensionless  set 
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Nvhere  Qjj  refers  to  the  'hot"  component.  A large  amplification  rate 
occurs  for  Z near  1.  The  amplification  rate  for  the  electron  con'po- 
nwnt  and  the  resonance  conditicjn  are 
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Ecmali()n  S-132  and  all  the  following  forms  of  the  amplification  rate 
can  also  l)e  used  for  the  ion  component  if  the  following  set  of  variables 
is  used: 
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The  resonance  condition  for  the  ions  is 
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If  the  distribution  function  is  separable,  i,e.  , 
f((i.  P)  g(M)  h(p) 


C^-  1 


and,  moreover,  the  (litch -angle  distribulion  is  of  the  t rappcti -i  y pc  form 
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then  the  amplification  rate  reduces  to 


(5-137) 


The  anisotropy  (Liquation  5-17,H)  for  this  case  is  just  A n/2.  If  the 
moijientum  distribution  is  Maxwellian-like,  as  defined  by  the  formula 
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the  amplification  rate  is 
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The  abeve  equatioiis  are  well-suited  to  numerical  computations  only 
in  the  non- relativistic  limit  when  y is  near  1;  then,  Kquali(jn  ''--139 
reduces  to 


5‘86 


I 


2 December  1974 


Some  numerical  values  oi  the  functions  Gj  anr)  G2  are  (iiveii  in 
5-43  for  selected  values  of  the  parameters  n anti  (In  mm  b of  the 
current  literature,  e.  r.  , Reference  134,  the  term  is  innorffl; 
then  the  instability  condition,  Kqnation  5 - 1 4'^ , follows  inunt-rlialfly 
f o r A ■ n / 2 . ) 

However,  another  form  of  the  amplification  l ai  ■ n snlls  if  one  of 
the  variables  of  integration  is  the  wave- frame  momentum,  (liqua- 

tion 5-104),  If  the  remaining  variable  is  x,  tlo-  imtor  within  the  sqnartr 
brackets  of  Equation  5-110  is  simply  (Reference  171) 
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The  amplification  rates  above  have  been  applied  mainly  to  trapped- 
type  distributions.  A trapped -type  distribution  i;j  unstablt;  to  generation 
of  waves  whose  polarization  is  in  the  same  sense  as  the  gy  ro  - rotation 
of  the  particles,  i.e.,  electrons  excite  whistler -mode  waves,  etc. 

Beams  of  particles  localized  around  some  pitch  angle  usually  in  the 
loss  cone,  have  been  suggested  as  an  agency  for  exciting  plasma  waves 
(References  172,  173,and  174).  There  is  one  interai;tion  of  this  type 
which  rriight  be  important  to  electron  trapping  and  loss,  i.e.  , the  inter 
action  between  relativistic  electrons  and  ion-i  yi  lotron  waves  (Ke  fe  rem cs 
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Figure  5~23'J.  The  functior's  Gj  ond  G2  Gj  used  m evaluating  the  wove  arnpllfi 
cotlon  rates  of  Equation  5 -l40b:  u 6. 
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1 75.  176.  and  177).  The  resonance  is  near  the  ion  gyro-frcquency.  or 
near  X - -1  in  Equation  5-133.  A beam-like  distribution  to  be  substi- 
tuted in  Equation  5-132  is 
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(5-142) 


The  amplification  race  for  this  case  is 


(5-143) 


The  maximum  amplification  rate  tor  electrons  confined  tc  the  loss  cone 
v'ith  energies  of  several  MeV  is  of  the  order  oi  Z Thie  instability 

could  be  responsible  for  turning  some  electrons  injected  by  a high-altitude 
nuclear  explosion  into  the  trapped  part  of  the  distribution  (References 
176  and  1 77). 


5 ,5,5  Pitch-.Angie  Diffusion  and  the  Loss  of  Trapped  Particles 


PITCH  ANGLE  Dlt'FU>SION.  The  scattering  of  trapped  partii  les 
by  electromagnetic  waves  very  much  resembles  the  scattering  l>y  boumi 
and  free  electrons  in  the  atmosphere.  Fokke  r - Planck  coeffuienla  can 
be  derived  for  the  wave -particle  interactions  and  included  in  the  pitch 
angle  diffusion  Equation  5-21.  The  Fokker-lManck  equotitjn  lor  wave- 
particle  interactions,  neglecting  energy  loase.s,  has  ju.st  two  coeffi- 
cients; (a  and  ^(A  p)^)  (References  134  through  1 l5).  As  in  Sect  ion 
5.4.4,  a simple  relation  can  be  constructed  between  two  FukkeV - 
Planck  coefficients  if  a particular  solution  of  the  'liffusion  equal ioiis 
is  known.  An  isotropic  pitch  angle  distribution  !f(T.M'  inde f>endent  of 
p]  is  a steady  state  solution  of  the  pitch  angle  diffusion  equation.  This 
is  essentially  because,  near  resonance,  as  many  particles  wc  ' be 
subject  to  acceleration  as  .subject  to  deceleration  (.Section  5.  s,  , |<e- 

ference  26).  The  rate  of  change  of  the  distribution  function  f is  there- 
fore zero,  and  the  Fokker- Planck  equation  reduces  to  a simple  differ- 
ential equation  relating  two  diffusion  coefficients.  After  some  sirnpli 
ficatlon,  the  diffusion  equation  for  the  pitch  angle  distribution  of  trapped 
particles  is 
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The  single  diffusion  coefficient  D can  be  estimated  if  the  variation 
in  the  pitch  atigle  is  known  for  a single  interactioi;  with  a wave  of 
known  characteristics.  The  pitch  angle  alteration  is  found  from  the 
changes  in  the  momentum  components.  From  Equations  S - 1 04  and 
5- 10b,  the  relation  between  pitch  angle  and  the  longitudinal  part  of 
the  momentum  is 


6fj  ^ 
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The  change  in  p|.is  just  the  acceleration  qvxBj/c  multiplied 
by  the  time  6t  during  which  a particle  is  near  resonance.  A particle 
that  iS  an  amount  ftk  away  from  exact  resonance  falls  out  of  phase 
with  the  wave  in  a time  roughly  equal  to  2/v,,6k  . With  this  substitu- 
tion for  6t  and  neglecting  terms  of  order  , the  diffusion  coef- 

ficient becomes 


m 0)^(1  - ji*')  B^/6k 
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The  factor  B^/6  k has  the  form  of  a powi  spectrum  (amplitude 
squared  per  unit  wave  number,  Sccti  i 5.5.4;  Equation  5-95).  Il 
represents  the  magnetic  fluciuation  energy  in  a band  of  vvidth: 

6u;  ^ “ S k = V 5 k . (5-147) 

k -.p 

As  in  the  case  of  radial  diffusion  and  bounce  resonance  diffusion,  all 
that  is  needed  to  fully  determine  the  effec  ts  of  pitch  angle  scattering 
is  a knowledge  of  the  spectrum  of  waves.  In  practice*,  the  major 
obstac  le  in  this  approach  is  the  difficulty  of  measuring  the  amplitudes 
of  wave.s  that  are  not  readily  transmitted  through  the  ionosphere  and 
atmosphere.  The  spectrum  of  whistlers  and  very  low  frequency 
(VLF)  I'.oi.se  observed  on  the  ground  i.s  largely  irrelevant  because 
these  waves  already  may  have  lost  significant  amounts  of  energy  to 
the  trapped  particles  (Reference  IZi). 
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When  the  energy  exchanged  between  waves  and  particles  is  not 
negligible,  the  energy  diffusion  terms  in  the  Fokker -Planck  equation 
also  must  be  taken  into  account.  But  because  energy  and  pitch  angle 
are  interrelated,  the  F okker -Plane k i.-quation  should  transform  to  an 
equation  in  one  variable.  The  differential  operators  are  generally  of 
the  form  (Referc-nce  119): 
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When  the  distribution  function  is  a function  of  pyy  and  some  other 
variable,  for  example, x,  the  differential  operator  (Equation  5-1481 
is  just 
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In  terms  of  the  pitch  angle  cosine  p: 


The  diffusion  equation  properly  sl.ould  have  the  form 
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(p  and  y are  not  constants,  but  functions  of  and  pi.  The  diffusion 
coefficient  D is  the  same  as  was  given  'u  Equation  5-146  i Reference 
135  contains  another  derivation  of  Di.  However,  when  the  n.omentum- 
space  diffusion  trajectories  differ  appreciably  from  true  circles,  the 
V terms  are  not  negligible  and  Equation  5-151  has  no  longer  the  form, 
of  a simple  diffusion  equation,  such  as  Equation  5-144. 
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In  pi'actlce,  the  diffusion  coefficients  are  computed  with  the  aid  of 
the  quasilinear  theory.  The  averages  along  the  field  lines  are  formed 
according  to  Equation  5 -2 If  and  the  proper  diffusion  equation  (assuming 
negligible  energy  loss)  is  Equation  5-21g.  Most  wave  particle  inter- 
actions take  place  near  the  equator  (Reference  134);  (his  does  not  mean 
that  the  averaged  diffusion  equation  is  equivalent  to  the  simple  diffusion 
Equation  B-21e. 

THE  SELF-CONSISTENT  THEORY.  LIMITS  ON  TRAPPING . If  the 
radiation  belts  are  regarded  as  a closed  system,  the  trapped  particles 
must  reach  some  sort  of  equilibrlu.m  with  the  waves  they  generate 
The  greatest  number  of  particles  that  tan  be  trapped  is  just  sufficient 
to  maintain  growing  waves  against  absorption  in  the  ionosphere  or  es- 
cape from  the  trapping  region.  Any  excess  in  the  number  of  trapped 
particles  results  in  enhanced  wave  generation  and  pitch-angle  diffusion. 

A group  of  waves  travelling  along  a field  line  is  amplified  by  an  am.ount 
exp  (®Ygt^),  where  t^  is  the  time  the  wave  spends  in  the  region  of 
Interaction.  In  equilibrium  this  is  just  balanced  by  the  wave  losses  due 
to  imperfect  reflection  at  the  ionosphere;  the  amplitude  at  the  ionosphere 
is  diminished  by  1 minus  the  reflection  coefficient  R^V  The  equilibrium 
condition  is  (Reference  134) 

fiVgtw  •=“  . (5-152) 

The  parameters  Ry^  and  t^y  are  both  highly  uncertain.  An  upper  limit 
to  t-yy  would  bc  thc  wave  travel  tirrie  for  a complete  traverse  of  the 
field  line.  The  varying  conditions  along  the  field  line  ensure  that  waves 
and  particles  fall  out  of  resonance  long  before  they  have  reached  the 
limits  of  their  travel. 

VYlicn  a bunch  of  trapped  particles  excites  waves  that  can  grow  ap- 
preciably during  a single  bounce  period,  a large  fraction  of  the  parti- 
cles nr.'.ay  be  lost  Immediately  This  case  is  known  as  strong  diffusion 
Above  some  limiting  kinetic  energy  weak  diffusion  prevails,  and  most 
particles  require  many  bounces  to  diffuse  into  the  loss  cone  The  lime 
scale  for  weak  diffusion,  1 /D,  is  much  longer  than  thf  lounce  period 
Weak  diffusion  does  seem  to  apply  to  trapped  electrons  v/ith.  enerpies 
above  1.6  MeV  (Reference  134).  A computed  trapping  Un  iting  for 
somewhat  lower  electron  energies  <hown  in  Figure  5-24.  The  larg- 
est fluxes  do  seem  to  approach  the  trapping  limit  on  high  L-shells. 


Although  attempts  have  been  made  to  improve  and  verify  the  trapping 
limit  theory,  particularly  in  regard  to  the  strong  and  weak  diffusion 
limits  (Reference  180),  it  still  suffers  from  many  uncertainties  in  the 
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evaluation  of  intor-related  parameters.  The  theory  might,  however, 
be  of  considerable  value  in  its  application  to  transient  events,  such 
as  the  injection  of  an  intense  artificial  radiation  belt  (Reference  181). 


The  "slot"  in  the  trapped  electron  distribution  is  a particular  fea- 
ture of  the  radiation  belts  that  might  be  due  to  wave -particle  interac- 
tions. Trapped  electrons  seem  to  be  distributed  between  two  belts 
separated  by  a distinct  gap  between  L ^ it  and  L «»  5.  In  Figure  5-24, 
the  observed  fluxes  below  Ij  ^ 4 are  well  below  the  fluxes  predicted 
by  the  simple  theory  The  electron  flux  in  the  slot  is  apparently  kept 
low  by  a combination  of  the  effects  of  very  efficient  reflection  and 
diffusion  of  wave  energy  tov.fard  lower  L-shells  (References  1 BZ  and 
138).  When  a whistler -mode  wave  deviate#  from  strictly  parallel 
propagation  and  its  frequency  approaches  the  local  lower  hybrid  re- 
sonant frequency. 
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it  can  experience  nearly  perfect  reflection  at  the  upper  ionosphere 
(References  124,  133,  and  182).  The  necessary  condition.#  seem  to 
be  mot  in  the  region  of  the  slot  The  equilibrium  condition  (F.qua- 
tion  5-152)  is  satisfied  in  the  slot  region  only  if  6 and  the  electron 
flux  are  very  sm.Hll. 

Trapped  electron  and  proton  diffusion  coefficients  have  been  com- 
puted in  a semi-self-consistent  model  in  which  the  deviations  from 
parallel  wave  propagation  have  been  explicitly  taken  into  account  (Re- 
ferences 137,  138,  and  139).  Some  sample  diffusion  coefficients  are 
shown  in  Figure  5-25.  The  peak  in  the  diffusion  coefficients  near 
90-degree  pitch  angles  occurs  because  waves  propagating  at  finite 
angles  to  the  magnetic  field  appear  to  the  resonant  particles  like  a 
mixture  of  electrostatic  and  ele<lromagnetic  waves.  The  particles 
can  resonate  at  all  harmonics  of  the  gyro-frequency.  The  resonance 
near  90-dof'ree  pitch  angles  is  the  zero -order,  so-calhid  I.aritlau 
resonance  (References  137  and  138). 


THE  RING  CURRENT  AND  THE  PLASMAPAUSE.  Daring  periods 
of  geomagnetic  disturbance,  intense  electrical  currents  are  carried  by 
trapped  protons  near  the  equator  in  the  region  from  I„  =^3  to  L » 6,  or 
beyond  (Reference  183),  This  ring  current  is  related  in  a way  that  is 
not  yet  fully  understood  to  the  more  stable  trapped  particle  belts.  The 
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ring  current  is  established  in  a time  that  may  be  as  short  as  I hour 
Huring  this  time,  protons  of  energies  less  than  100  keV  must  enter  the 
magnetosphere  and  be  transported  as  far  inward  as  L^3,  One  me- 
chanism that  will  accomplish  this  is  Bohm  diffusion  (Reference  185) 
which  takes  place  at  the  maximum  I'ate  possible.  Particles  experi- 
encing Bohm  diffusion  are  displaced  by  one  gyro-radius  within  as  little 
as  one  gyro-period.  Rapid  alterations  in  the  ring  current  may  b«  ac- 
cepted as  evidence  of  intense  wave  turbulence  during  geomagnetic 
storms— intense  enough  that  the  slow  radial  diffusion  discussed  in  Sec- 
tion 5.  4.  4 is  no  longer  valid. 


The  rapid  pitch-angle  diffusion  and  loss  of  ring -current  protons 
must  be  primarily  due  to  wave-particle  i teractions  in  the  vicinity  of 
the  plasmapause.  One  possible  mechanism  is  the  interaction  of  pro- 
tons and  ion-cyclotron  waves.  At  the  plasmapause,  the  ring  current 
cncounten.  a tremendous  increase  in  the  plasma  ionization  density 
(see  Figure  5 -19).  The  increase  in  the  number  of  ions  leads  to  a 
change  in  the  anisotropy  (Equation  5-128)  which  results  in  a large  in- 
crease in  the  wave  generation  rate  (References  186  and  187).  There 
are,  however,  some  major  difficulties  with  this  theory;  the  expected 
large  rates  of  precipitation  of  protons  into  the  atmosphere  have  not 
been  observed  where  they  were  expected  (Reference  188).  Thus,  it 
remains  lU<ely  that  other  processes  are  involved,  sac)i  as  the  inter- 
action of  protons  with  electrostatic -type  waves. 

ARTIFICIAL  STIMULATION  OF  PLASMA  WA'/ES-COLD  PLASMA 
INJECTION.  It  has  been  suggested  that  the  deposition  of  large  ainounts 
of  cold  ionized  plasma  in  the  trapp>;d  radiation  be'.ts  might  stimulate 
the  generation  of  plasma  waves  (References  142  through  144).  Pre- 
sumably, this  might  be  a mechanism  for  artificially  altering  the  dis  - 
tribution  of  trapped  particles.  If  it  were  feasible,  it  would  require 
comparably  small  inputs  of  energy  to  achieve  significant  results. 

To  see  how  the  injection  of  cold  plasma  wc.uld  affect  wave  ampli- 
fication, note  that  an  amplification  rate  generally  has  a form  like  Equa- 
tions 5-127  or  5-140:  an  inveg ration  over  t!:v  memientum  or  energy 
spectrum  multiplied  by  a factor  that  depends  i.«n  the  anisotropy  t/i'  the 
"hot''  part  of  the  particle  distribution.  The  energy  dependence  part, 
as  in  Figure  5-23,  has  a broad  maximum  wliere  the  resonant  momentuni 
is  nearly  equal  to  the  average  momentum.  In  terms  of  the  dimensionless 
parameter 
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the  maximum  is  near  K 1 . For  values  of  K greater  than  1 , the 
energy -dependent  factor  falls  very  sharply.  The  relation  of  K to 
wave  frequency  for  whistler  waves  is  approximately 
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However,  the  anisotropy  pari  of  the  amplification  rate  has  a cutoff  fre 
quency  above  vrhich  waves  cannot  grow;  in  the  formulation  of  Equatior 
S-140,  the  cutoff  frequency  is 
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Comparison  of  the  above  equations  reveals  that  for  very  small  values 
of  the  plasma  density  parameter,  Q.  and  small  values  of  the  anisotropy 
parameter,  n,  the  cutoff  frequency  corresponds  to  a large  value  of  K. 
Frequencies  below  the  cutoff  correspond  to  very  small  amplification 
rates.  As  Q is  increased,  the  amplification  rate  near  the  cutoff  fre- 
quency increases  dramatically.  Figure  5-26  shows  how  the  ampli- 
fication rate  depends  upon  frequency.  For  any  given  value  of  Q (or 
of  QWq),  there  is  a fastest  growing  mode  whose  frequency  shifts 
toward  lower  values  as  Q is  increased.  For  values  of  Q greater  than 
about  1/W  , the  maximum  amplification  rate  is  somewhat  less  than 
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(5.157) 


As  O is  decreased,  the  band  of  amplified  waves  becomes  narrower 
and  the  maximum  amplification  rate  drops  more  sharply  than  can  be 
illustrated  on  the  iigure. 

The  simplified  picture  of  stimulation  of  waves  suffers  some  defi- 
ciencies. For  large  anisotropies  (n  > 2),  the  cutoff  frequency  is  near 
1 and  K passes  through  the  value  1 as  the  frequency  is  decreased, 
rhis  means  that  for  sufficiently  large  anisotropies,  the  maximum 
growth  rate  is  near  tiie  limit  of  Equation  5-157.  The  main  effect  of 
increasing  the  plasma  density'  in  a highly  anisotropic  plasma  is  to  in- 
crease the  width  of  the  band  where  waves  will  be  generated,  shifting 
the  peak  growth  rate  toward  lower  frequencies  and  lower  phase  ve- 
locities . 
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Many  detailed  calculations  of  the  effects  of  cold  plasiria  injection 
have  been  performed  (References  1H8  through  195).  They  are  in  agree- 
rrient  on  the  validity  of  the  effect,  ilowever,  the  sensitivity  to  the 
trapped  particle  distribution  is  so  great  that  a practical  application 
in  the  trapped  radiation  belts  would  be  conditional  upon  an  ability  to 
predict  the  particle  distribution  with  far  more  accuracy  and  reliability 
than  is  now  possible  (Reference  195). 

A special  caution  is  perhaps  necessary  in  applying  some  of  the 
Computed  results  here  and  elsewhere.  The  location  of  the  cutoff  fre- 
quency is  very  sensitive  to  the  form  of  the  pitch -angle  distribution. 
Since  the  value  of  Gj  depends  so  strongly  upon  K,  or  on  frequency, 
the  largest  growth  rates  at  low -ioniy.at ion  densities  may  vary  by  many 
orders  of  magnitude  for  various  particle  distributions  (Reference  195). 
Some  calculations  have  been  done  with  a bi-Maxwellian  distribution 
with  two  separate  temperatures,  and  T ii  that  type  of  distribution  is 
probably  a poor  representation  of  the  actual  trapped  particle  distribu- 
tion. 
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Again,  a oelf-conaistenl  model  is  necessary  to  predict  the  actual 
effects  of  cold  plasma  in  t'ne  magnetosphere.  From  the  discussion 
of  the  last  sections,  and  particularly  Filquation  5-15?..  it  is  evident 
that  the  trapped  particle  distribution  may  adjust  itself  to  compensate 
for  changes  in  the  wave  spec  trum.  It  appear.s  that  for  thi.s  reason  it 
would  be  very  difficult  to  effect  a discernible  alteration  in  the  trapped 
electron  distribution  with  any  conceivable  amounts  of  cold  plasma 
(Reference  180). 

Another  approach  to  artificial  stimulation  of  waves  in  the  magneto- 
sphere is  by  electromagnetic  waves  transmitted  from  large  antennae 
on  the  Earth's  surface.  Fcii-  many  years  it  has  been  known  that  power- 
ful radio  transmitters  can  trigger  a peculiar  type  of  very  - low'-fre - 
quency  (VLF)  emission  from  the  magnetosphere.  Fur  a general  dis- 
cussion of  the  subject,  see  References  19h  through  200.  Again,  ‘he 
expectations  of  dramatic  rear rangements^  of  trapped  particles  are 
low.  It  is  unlikely  that  enough  wave  energy  could  be  "pumper]'  into 
the  magnetosphere  to  affect  -a  large  proportion  of  the  total  number  of 
particles.  The  likeliest  applications  of  triggered  VLF  emissions 
are  likely  to  be  in  communications  ind  probing  the  physical  state  of 
the  magnetosphere. 
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5.6  COinvECTION  in  thE  OUTER  MAGNETOSPHERE 
AS  A SOURCE  OF  TRAPPED  PARTICLES 

Much  of  che  kinetic  energy  poseeased  by  trapped  particles  now 
appears  to  have  been  acquired  after  their  introduction  into  the  mag- 
netosphe’'e.  The  solar  wind  is  a likely  source  of  charged  particles, 
but  solar  wind  particles  have  rather  low  energies,  compared  with  the 
thousandf  or  millions  of  electron  volt  energies  of  trapped  particles. 

A number  of  investigators  have  attempted  to  explain  injection  at  the 
outer  part  of  the  trapping  region  through  a two-step  process:  Con- 
vection ;jI  low-energy  plasma  down  to  che  trapping  region  followed 
by  (or  concurrent  with)  in  situ  acceleration  of  the  charged  particles 
(References  201  through  206). 

Moat  convection  theories  embody  the  presumptions  that,  within  the 
plasmas phere(L  3 4),  the  plasma  is  constrained  effectively  to  ro- 
tate with  the  eartt’  and  that  the  outer  edge  of  the  magm  ios phcre  re- 
mains fixed  with  respect  to  the  sun  and  solar  wind  The  basic 
convective  mechanism  has  been  described  in  Section  1.  One  model 
is  akutched  in  Figure  5-2?  (Reference  154).  The  upper  sketch  in  the 
figure  refers  to  the  situation  that  would  prevail  L'  che  plasmasphere 
were  stationary.  In  the  lower  sketch,  the  plasmasphere  is  rotating 
with  respect  to  tlie  solar  wind  orientation  and  a shear  exists  ‘^hrough- 
o.it  tile  ouLet  magnetosphere.  In  the  upper  half  of  the  figure  is  shown 
an  equatorial  plane  cross  section  of  the  |>ostulated  circulation  of 
plasma  in  tiie  magnetosphere.  The  solar  wind  is  assumeri  to  drag 
the  plasma  back  along  the  outer  boundary,  thus  estaliUsliing  two  closed 
convection  cells.  If  a shear  motion  due  to  the  rotation  of  the  inner 
plasmasphere  is  ititroduced,  the  convection  cells  are  distorted  as  in 
the  lower  half  of  Figure  5-27.  The  convective  motion  brings  charged 
particles  down  to  the  trapping  renion  and  also  result.s  in  the 
lishment  of  complicated  electric  fields  that  can  accelerate  tlie  par- 
ticles. Details  of  this  and  other  convective  processes  are  lo  in:  fo  md 
in  tile  previously  cited  references. 
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Figure  5-27.  Convection  In  the  equatoriol  plane  of  the  magnetosphere 

(Reference  154).  The  upper  sketch  in  the  figure  refers  to  the 
situation  that  wo’ild  prevail  If  the  plasnia  sphere  were  stationary 
In  the  lower  sketch,  .ne  plasma  sphere  Is  rotating  with  respact 
to  the  solar  wind  orientation  end  a sheor  exists  throughout  the 
outer  magnetosphere. 
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where  Z is  atomic  number,  p the  density  in  grams  per  cubic  centi- 
meter, E^  is  in  eV,  and  £ is  in  MeV.  This  relationship  is  valid 
for  a range  of  proton  energies  for  which  the  coulomb  interaction  is 
dominant  for  primary  displacements  and  for  which  elastic  scatf^r- 
ing  is  dominant  for  secondary  displacements.  In  addition,  the  energy 
must  be  low  enough  so  that  the  contribution  of  proton  nuclear  elastic 
scattering  and  inelastic  reactions  to  the  displacement  cross  section 
is  small  compared  to  the  coulomb  cont-ibution.  For  electrons,  the 
evaluations  arc  more  complex  but  have  been  performed  and  illustrate 
the  rapid  rise  above  threshold  to  a slowly  increasing  function  of 
energy  above  0.5  MeV  (Reference  12). 

These  evaluations  are  crude  and  correspond  only  to  initial  dis- 
placements rather  than  actual  defects,  but  they  are  of  qualitative  and 
intuitive  importance  in  comparing  di:  placement  production  by  par- 
ticles of  differing  type  and  energy.  For  example,  Table  8-1  gives 
values  of  and  V for  1-MeV  electrons,  10-MeV  protons,  and  100- 
MeV  protons  incident  on  Si.  The  measured  carrier  removal  rate 
per  unit  particle  flumce,  -dn/d^,  also  is  given  for  comparative  pur- 
poses (Reference  9/. 


Table  8-1.  Comporiton  of  theoreticol  diiplocement  parameters 
with  measured  carrier  removal  in  silicon. 


Particle 

(cm  S 

V 

n-Si 
- dn/dO 
(corriers/cm) 

p-Si 
- dn/d« 
(corriers/cm) 

1-MeV  Electrons 

4.6 

1.3 

0.2 

C.005 

10-MeV  Protons 

1100.0 

6.0 

100.0 

100.0 

100-MeV  Protons 

130.0 

7.0 

— 

— 

RADIATION  DEFECT  FORMATION  PROCESSES.  After  the  pri- 
mary displacement  or  ionization  processes,  several  intermediate 
entities  often  occur  before  the  final  raoiation  defect  sites  are  estab- 
lished. These  will  be  discussed  for  displacement  processes  in  the 
bulk  material  and  ionization  near  the  surface. 


( 
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For  displacement  due  to  electrons  irradiating  the  bulk  crystal, 
secondary  displacements  are  few  so  that  the  distribution  of  defects 
is  approximated  closely,  at  the  first  stage,  by  isolated,  closely 
spaced  interstitial  vacancy  (I-V)  pairs  (Reference  7).  Often  the 
vacancy  is  mobile  and  migrates  to  defect  or  impurity  atom  sites 
[oxygen  (O)  or  phosphrous  (P)]  or,  conv  ••sely,  the  impurities  may 
migrate  to  form  stable  sites.  Another  possibility  is  that  the  vacancy 
may  recombine.  As  a consequence  of  these  possibilities,  the  defect 
sites  will  depend  on  type  (n  or  p)  of  Si  and  on  impurities.  They  are 
more  easily  annealable  than  are  heavy  particle  sites. 

Much  information  has  been  accumulated  on  the  physical  structure 
of  these  sites  (Reference  12).  The  relative  number  of  such  sites  is 
a strong  function  of  temperature.  Protons  have  more  secondaries 
per  primary  displacement  and  increased  primary  displacements  per 
centimeter  than  do  electrons.  This  suggests  that  the  primary  stage 
consists  of  closely  spaced,  small  defect  clusters.  The  increased 
cluster  size  for  protons  compared  to  electrons  means  that  anneal* 
ing  will  be  less  probable  but  migration  of  vacancies  (or  interstitials) 
should  not  be  impeded.  This  indicates  a strong  dependence  of  the 
resulting  stable  defect  sites  on  the  type  silicon,  impurity  atoms, 
resistivity,  and  residual  impurities  (O,  P). 

In  terms  of  ionization-induced  defect  sites  in  surface  layers  [e.g., 
silicon  dioxide  (Si02)  passivation  layers],  the  final  defect  site  may 
be  (1)  the  initial  ionized  atom,  (2)  the  result  of  the  migration  of  the 
site,  or  (3)  the  result  of  impurity  migration  to  the  site.  Very  little 
is  understood  about  the  details  of  these  procerses,  but  the  observed 
effects  have  been  found  to  be  dependent  on  the  magnitude  and  dis- 
tribution of  the  surface  ciiarge  (Reference  10). 

SEMICONDUCTOR  TRANSPORT  PROPERTIES  DEPENDENCE 
ON  RADIATION-INDUCED  DEFECTS.  The  effects  on  both  the  bulk 
and  surface  semiconductor  transport  properties  of  radiation-induced 
defect  sites  are  best  understood  in  terms  of  the  concept  of  a recom- 
bination center  (Reference  8).  Any  defect  site,  whether  natural  or 
radiation-induced,  may  introduce  defect  energy  levels  into  the  for- 
bidden energy  band  gap  of  a semiconductor.  These  levels  may  be 
described  in  terms  of  their  cross  section  for  capture  or  emission  of 
free  electrons  and  holes.  In  particular,  those  states  may  exist 
called  recombination  centers,  which,  after  capturing  a conduction 
electron  (hole),  will  have  a large  capture  cross  section  for  a free 
hole  (electron)leading,  in  effect,  to  a net  loss  of  an  electron -hole 


8-10 


iMbi 


2 December  1974 


SECTION  15 
INDEX 


Absorptance,  8-3,  36  ff 
(See  Emisaivity) 

Absorption  wave, 

(See  Wave  absorption/ 
amplification) 

Absorption  center;  Color  center, 

8- 3,  4,  36  ff 

Absorption  coefficient,  8-15 
Acceleration/Deceleration,  3-41, 
25;  5-42,  44,  49,  57,  60;  7-2; 

9- 1 

Action  integral,  3-27 

(See  Harnilton's  equations) 
Adhesives,  8-42  tf 
Adiabatic  invariant;  Adiabatic 
approximation,  1-9;  3-26, 

2 9 ff;  5-56  ff 

(See  Constants  of  motion; 
Invariant  surface) 
first  adiabatic  invariant,  3-30, 
64  ff,  73;  5-38,  42  , 43,  56  , 57, 
60 

(See  Magnetic  moment) 
second  adiabatic  invariant, 

3-30  ff,  51  ff.  64.  68,  73; 

5-38,  42  ff,  56  ff 
third  adiabatic  invariant, 

1-10;  3-31;  5-.33,  42  ff,  56 
Air,  7-5  ff;  8-39 

(See  Atmosphere) 

Albedo  neutron;  Cosmic  ray,  1-11; 
5-1,  26  ff 

(See  Cosmic  rav:  Neutron 
decay ) 


Alfvon  wave;  Alfven  velocity,  1-1; 
5-‘^9  ff,  66  ff,  82 

(See  Plasma  wave/ 

Alpha  particle,  4-49;  7-1;  11-8 
Amplification 

(See  Absorption;  Growth 
rate) 

Angular  momentum , 3-8,  9 
Aniaotropy,  5-82,  86,  103 
Annealing,  8-10,  17,  38 
Anomaly 

(See  South  American  . . .) 
Antenna;  Antenna  power,  9-18 
Antineutrino 

(See  Neutrino) 

Arch  (trapped  electron),  7-13 
Argus 

(See  Nuclear  detonation; 
Artificial  radiation  belt) 
Artificial  radiation  belt,  5-1,  50, 
52,  96;  6-1  ff;  7-1  ff;  12-2  ff 
Argus , 6-29 

Argus  1,  6-14  ff,  18  ff,  21 
Argus  II,  6-15,  21,  2o 
Argus  ill,  6-2,  24,  25 
Orange,  6-9 

Starfish,  4-16,  21,  25,  34  ff; 
5-25,  40,  50  ff;  6-36  , 39, 

43  ff;  9-19,  2 3 
Teak,  6-4,  10  ff 
USSR  Oct  22,  1962,  6-47  ff 
Oct  28,  1962,  6-49  ff 
Nov  1,  1962,  6-50  ff 
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/ metric  ring  current,  1-15 
(See  Ring  current) 

Atmosphere,  3-23;  5-1  ff,  18,  21  ff, 
25,  27,  35,  42,  50,  52,  55  ff,  60 
70,  72;  7-7  ff,  12;  9-21;  11-9  ff 
Atmospheric  cutoff 
(See  Cutoff) 

Atmospheric  dynamo , 1-14;  2-30; 

4-69,  72;  12-1 
Atmospheric  scattering 

(See  Scattering . . .) 

Atomic  radius,  5-3 
Aurora,  5-60;  9-6 
Auroral  particles,  1-7;  4-75,  80 
Auroral  zone,  1-6  ff 
Azimuthal  drift 
(See  Drift) 


-B- 

tiallistic  trajectory,  7-2  ff 
Bandwidth,  8-24;  9-18 
Base 

(See  Bipolar  transistor) 
Base  layer , 8-15  f 
Base  region  lifetime,  8-2 
Base  transport  factor,  8-23 
Beamwidth,  9-3,  5,  14  ff,  18 
Bessel  function,  9-5,  7,  8 
Bot  fleray,  7-1  ff,  6,  13,  15, 

. . ff 

Beta  electron;  Beta  particle; 

Fission  Beta,  7-3,  6,  13;  8-3; 

9- 1;  11-9 

(See  Fission.  . . ) 

Beta  tube,  6-3;  7-13  ff.  14,  16 
(See  Magnetic  flux  tube) 
Binder  , 8-  36  ff 
Biological  damage , 10-1 
Biological  effective  less  (PRC), 

10- 1 


Biological  system , 8-5 
Bipolar  transistor , 8-3  ff,  13, 

20  ff,  34  ff,  44 
Bohm  diffusion 

(See  Diffusion) 

Boltzman  equation.  3-39  ff;  5-31, 
71 

Boltzman- Vlasov  equation,  5-68 
(See  Boltzman  equation) 

Born  approximation,  8-67 
Bounce  period/frequency , 3-23, 
71  ff;  5-13  ff,  23,  96;  7-13,  27 
(See  Reflection) 

Bounce  resonance,  5-58,  60,  69, 
94 

Boundaries 

(See  Magnetosphere,  Mag- 
netopause; Pseudotrapping 
region;  Trapping  limits) 
Bound  electron,  3-2  ff,  7 ff,  23 
Bow  shock,  1-4 
Brazilian  anomaly 

(See  South  American.  . .) 
Breakdown,  8-23,  28,  35 
Bremsstrahlung , 8-1  , 65,  67  ff; 

9-1;  10-3;  12-4 
Brightness,  9-18,  25,  29 
Brightness  temperature , 9-19, 

21  , 26  ff 
Build-up,  4-69 

Bulk  semiconductor,  8-3,  20  ff 
(See  Semiconductor) 
Buoyancy,  7-3 
Butterfly  distribution,  6-12 

-C- 

Cadmium  sulfide  cell  (CdS),  8-17 
Canonical  conjugate,  3-26  ff 

(See  Hamilton's  equation) 
Capacitance,  8-21,  31 
Carpenter’s  knee,  1-17 
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Carrier  density /lifetime /removal 
rate.  8-3,  6 , 9,  11,  13,  20  £f 
(See  Majority  carrier;  Min- 
ority carrier) 

Cavity  resonance,  2-35 
CdS 

(See  Cadmium  sulfide) 
Center-of-mas 3 reference  frame 
(See  Coordinates) 

Cerenkov  detector , 11-4 
(See  Detector) 

Channel,  8-  iO  ff 
Channel  multiplier  , 11-4 
(See  Detector) 

Charge  density , 3-42 
Charge  exchange,  5-5  ff,  19,  20; 
7-7  ff;  11-30 

(See  Cross  section) 

Chorus,  2-36 

CIRA  model  atmosphere,  11-15 
(See  Atmosphere.  . .) 

CMOS 

(See  Complementary  Metal 
Oxide  Semiconductor) 
Coating 

(See  Optical . . . ) 

Cold  plasma,  5-103,  107 
(See  Temperature) 

Cold  plasma  dispersion  equation, 
5-71  , 74,  80 

(See  Dispersion  equation) 
Collective  behavior 

(See  Plasma;  Collision) 
Collector,  8-23  ff 

(See  Bipolar  transistor' 
Collision,  particle,  3-1  ff,  j8  f£; 
5-1  to  27,  69;  7-6 

(See  Deflection;  Cross  sec- 
tion) 

Collision  force , 3-3,  40 
Collision  frequency,  3-42,  45 
Color  center 

(See  Absorption  center) 


Complementary  Metal  Oxide  Semi- 
conductor (CMOS),  8-35  ff 
Compres  sion 

(See  Magnetic,  . .) 

Computer  programs  , 3-89; 

11-35  ff 

adiabatic  motion,  11-46 
angular  drift  velocity,  11-42 
atmospheric  densities  , 11-39, 

42 

B.  L,  11-36 

decay  factors  for  artificial 
radiation  belts , 11-48 
exposure  of  a satellite  to 
radiation,  11-42  ff 
geomagnetic  field,  11-37,  38 
high-altitude  nuclear  effects, 
11-35 

omnidirection  to  direction  flux 
conversion,  3-89 
trapped  particles  in.  outer  mag- 
netosphere, 11-40 
trapped  particles  from  nuclear 
detonations,  11-40 
trapped  particle  shells  and 

l^inematic  parameters  , 11-39 
trapping,  11-41,  44 
Computer  simulation,  5-83 
Conduction  electron/hole , 8-10 
Conductivity,  3-41  ff;  7-5;  8-3, 

15,  20,  22  ff 

(See  Resistivity) 

Conductivity  tensor,  3-43  ff; 

5-41  , 43 

Conjugate  region;  Conjugate  Mir- 
r('r  point,  7-6,  13,  15 
Constants  of  motion,  3-2,  26 
Continuity  equation,  3-40,  42 
Contour  plot,  flux  contour,  7-9, 

10;  8-57;  9-20 
Convection,  1-12,  14  ff,  17; 

5-49.  108  ff;  12-3 
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Coordinates 

asymmetric  geomagnetic 
field,  2-14  ff 
[B.L],  2-19;  3-33  ff 
(See  L-parameter) 
cartesian,  5-11 
center  of  mass,  5-3,  23 
curvilinear 

(See  Euler  potential) 
cylindrical,  2-8;  3-7;  5-12 
dipole,  2-14 
earth  centered,  4-60 
[energy,  pitch  angle],  5-13 
(r,  X),  2-22 

spherical,  2-4;  3-28;  5-47 
[velocity,  pitch  angle],  5-12,  13 
wave  frame,  5-64 
Corotation,  1-13,  15 
Cosmic  ’•adio  noise,  9-21,  23,  26, 
28,  32 

(See  Radio  noise) 

Cosmic  ray,  5-1,  26,  31 
(See  Albedo  neutron) 

Cosmic  ray  star,  5-27 
Coulomb  collision.  8-8  ff 
(See  Crojs  section, 
Rutherford) 

Cover  slide  (solar  cell),  8-14  ff 
CRAND  source  for  protons,  1-11; 
4-69;  12-2 

Critical  mirror  point 
(See  Cutoff) 

Crochet,  2-31 
Cross-1,  diffusion 

(See  Radial  diffusion) 

Cross  section 

Bremsstrahlung , 8-67 

capture,  8-10 

charge  exchange,  5-20;  7-7 

collision,  7-3  ff 

displacement,  8-8  ff 

emission,  8-10 

hard  sphere,  elastic,  8-8  ff 


Miller,  5-3 

momentum  exchange,  7-4 
nuclear  reaction,  5-20  ff 
Rutherford,  Coulomb,  etc., 

5-3;  8-8  ff 

secondary  production,  5-20 
total,  5-31  , 32 
Crystal,  8-7  ff,  37 
(See  Lattice) 

Current 

(See  Gain;  Saturation) 

Cur  rent;' Cur  rent  dens  ity , 3-17, 

41  ff 

Curvature,  3-18 
(See  Drift) 

Cusp,  4- 53  , 6 3 
Cutoff  frequency,  8-24 
Cutoff  pitch  angle;  Atmospheric 
cutoff;  Critical  mirror  point. 
3-22  ff,  59  ff;  5-23  , 37;  7-10  ff, 
14  ff 

Cyclotron  frequency 

(See  Gyrofrequency ) 
Cyclotron  radiation 

(See  Synchrotron) 

Cylindrical  components 
(See  Coordinates) 


-D- 

Damage  coefficient,  8-4,  12,  14, 
25,  70 

Damage  equivalent,  normally 

incident  fluence  (DENI),  8-4  ff, 
17,  70  ff 
Debris 

(See  Radioactive.  . .) 

Debye  length,  3-38;  5-4,  13 
Debye  sphere,  3-38;  5-13 
Decay  of  artificial  radiation  belt, 
5-1  . 84;  6-1  , 2 
(See  Lifetime) 
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Argus  I,  6-2,  20,  22,  25 
Argus  II,  6-2,  23,  29 
Argus  III,  6-2,  24,  25 
Orange,  6-2 

Starfish,  4-21;  6-2,  39  ff 
Teak,  6-2,  10,  12 
Deceleration 

(See  Acceleration) 
Declination,  2-2 
Defect;  Lattice  defect;  Defect 
center,  8-2  ff,  13,  36  ff,  42 
(See  Imperfection) 

Defect  cluster , 8-10 
Deflection;  Scattering 

(See  Cross  section) 
by  waves  , 5-93  ff 
Coulomb;  atmospheric , 4-21, 

66  , 69,  75;  5-22  ff 
multiple;  cumulative,  5-3,  9 ff, 
22  ff 

neutron,  5-32 

Degenerate  integral  invariant, 
3-32,  73,  75 

(See  Adiabatic  invariant, 
second) 

Degradation,  8-1  ff,  6,  13,  17  ff 
Delayed  neutron,  11-8 

(See  Fission.  . . ) 

Delta  function;  Dirac  delta  func- 
tion, 5-80 
DENI 

(See  Damage  equivalent) 
Density,  3-h1 

(See  Distribution  function) 
Depletion;  Depletion  reg''‘'n,  8-31 
Depth-Dose,  8-52  , 58,  65,  68 
Detectors,  radiation,  11-1  ff; 

6-14,  26 
Deuteron,  7-1 

Device  characteristic,  8-2,  13 
Diamagnetism,  3-20,  23  , 42;  7-4 
Dielectric,  8-7,  34,  35C 
Diffused  layer,  8-15  ff 


Diffusion,  5-13;  7-5,  28 
Rohm,  5-  1 03;  12-2 
bounce-resonant,  Fermi 
acceleration,  5-57  ff,  94 
energy,  5-22  ff,  65,  94  ff 
neutron,  5-32 
pitch  angle,  1-10'  5-13  ff, 

23  ff,  65  ff,  93  ff 
radial;  cross-L,  1-11;  4-75; 

5-31 , 42  ff,  94,  108 
Fokker-Planck;  velocity  space, 
5-13  ff 

Diffu-ion  coefficient,  5-13,  17, 

25,  32,  46  ff,  93  ff,  98  ff;  7-28; 
8-14,  20 

Diffusion  equation,  5-13  ff,  95 
(See  Foklcer-Planck) 
Diffusion  length,  8-15  ff,  20,  23 
Diffusion  trajectory,  5-65  ff,  95 
Digital  circuit;  Digital  device, 

8-34 

Dilation  factor 

(See  Relativity) 

Dilution  factor , 7-20 
Diode,  8-6,  13,  15  ff 
Dip  angle , 2-2 

Dipole  magnetic  field,  2-1  ff;  3-3, 
7 ff,  31  , 33,  51  ff;  5-38,  42, 

46  , 56  , 57;  9-1  , 25 

(See  Geomagnetic  field) 
Dipole  moment 

(See  Magnetic  moment) 
Directional  flux;  Specific  inten- 
sity , 3-?6  , 91  ff 
Dispersion  equation,  5-68  ff 
Displacement,  lattice,  8-  7 ff, 

36  ff 

Distribution  function,  3-35  ff,  39: 
5-10,  23  , 68,  71  , 107 
Disturbance  field;  Fluctuation 
field,  5-46  ff 

Dopant:  Doping , 8-3,  20,  24,  35C 
Doppler  shift,  5-64 

(See  Resonance) 
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Dose,  8-1,  5,  14,  28  f.  44,  46  ff, 
52  f£;  10-1  ff 
(See  Fluence) 

DP2,  5-42  ff 

(See  Geomagnetic  disturb- 
ance) 

Drain 

(See  Field  effect  transistor) 
Drain  current,  8-29  ff 
D-rcgion  of  ionosphere , 11-30 
Drift;  Drift  velocity,  3-15  ff,  24, 
33,  36;  5-46;  7-4,  13 
azimuthal,  1-8  ff;  3-19,  24,  36 
(See  Gradient-B  cirift) 
curvature,  3-18 
£xB,  1-12;  3-15  ff,  26 
generalized,  3-17 
graaient-B,  3-18  ff,  43 
(See  Azimuthal  drift) 

Drift  dilution,  7-17,  21  ff 
Drift  field  solar  cell,  8-17 
(See  Solar  c,«ll) 

Drift  period/frequency;  Azimuthal 
drift  period/frequency;  Drift 
rate,  3-23  ff,  71  ff;  5-18,  42  tf, 
47  ff;  7-12,  17,  19 
DS  (Ds ) magnetic  storm  compon- 
ent, 2-32 

(See  Geomagnetic.  . .) 

DST  (Dst)  magnetic  storm  compon- 
ent, 2-32 

(See  Geomagnetic . . .) 
Dynamical  friction,  5-14,  17,  23 
(See  Fokker-Planck) 
Dynamical  trajectory,  3-35  ff 


East-west  asymmetry,  5-22 
Effective  damaging  energy,  8-71 
Eigen-mode;  Eigen  value,  5-13 
Elastic  scattering , 8-9 

(See  Cross  section) 


Electric  fields 

ionospheric,  1-13  ff 
magnetospheric , 1-12 
Electric  potential 

(See  Potential.  . .) 
Electrojet 

(See  Polar . . . ) 
Electromagnetic  wave,  5-61,  98 
(See  Plasma  wave) 
Electron-hole  pair , 8-7  ff 
Electron  slot 

(See  Slot  region) 

Electron  temperature 

(See  Temperature) 
Electron-volt 

'See  Units ) 

Electrostatic  force , 3-38;  5-3 
Electrostatic  wave,  5-71,  82,  98 
^See  Plasma  wave) 

ELF 

(See  Extra  low  frequency) 
Emission  coefficient,  9-18,  22, 

25  ff 

Emission  pattern 

(See  Radiation  pattern; 

Synchrotron.  . .) 
Emissivity;  Emittance,  8-3,  36, 

42  ff 
Emitter 

(See  Bipolar  transistor) 
Energy 

kinetic,  3-4;  “1-2 
rest  mas s , 3-4 
total  (relativistic),  7-19;  9-5 
Energy  dens ity , 4-2;  7-5 
Energy  level;  Energy  band,  5-2, 
10;  8-10,  37 

Energy  spectrum,  4-60,  63,  75; 
5-31;  6-12,  25  ff,  29,  36,  38, 
46;  7-2,  20,  27;  8-2  ff,  47  , 52  , 
58,  69.  71;  9-21 
Energy  transfer , 3-40;  5-3 
Environment;  Radiation  environ- 
ment, 8-1 , 5 , 57 


15-6 


2 December  1974 


Epitaxial  deposition,  8-33 
Equation  of  motion,  3-2  ff , 5 
Equatorial  pitch  angle,  9-25 
Equivalent  1 MeV  fluence/flux, 

8-44,  46,  70  ff 

(See  Damage  equivalent) 
E-region,  11-30 

(See  Ionosphere) 

Error  function,  5-15 
Euler  potential,  3-27  tf;  5-38 

(See  Hamilton's  equations) 
Excitation- ionization  potential, 

5 - 3 , 7 ff , 19 
Exosphere,  11-12  ff 
Expansion  of  debris  , 7-8 

(See  Magnetic  compression/ 
expansion) 

Extra  low  frequency  (ELF),  2-33 
Extrinsic  semiconductor,  8-3 

-F- 

Fe.n-out,  3-34,  35C 
Faraday  cup,  1 1-4 
(See  Detector) 

Faraday's  Law,  3-24 

(See  Maxwell's  equations) 
Fermi  acce) eration , 5-57,  60 
Fermi  potential,  8-31 
FET 

(See  Field  effect  transistor) 
Field,  electromagnetic,  5-2 
Field  effect  transistor  (FET),  8-3, 
6,  13,  28,  31  ff,  44 
Field  equations , 3-42 

(See  Maxwell's  equations) 
Field  intensity 

(See  Magnetic  field.  . .) 
Field  line,  3-18,  24  ff,  28;  5-35, 
57,  61; 6-43; 7-5,  6,  9,  16; 

9-3,  16 

Field  line  connection,  1-17 
Field  strength 

(See  Magnetic  field.  . .) 


Filters,  optical  8-42,  45 
Finite  difference,  5-13 
Fireball,  7-2  ff 
First  adiabatic  invariant 

(See  Adiabatic  invariant. 
Magnetic  moment) 

Fission  physics  , 11-4  ff 
alpha  particles  , 11-8 
beta  particles  , 8-5,  58  ff,  81; 
11-9 

beta  spectra,  11-9;  8-58,  65  ff, 
76 

fragments ; products  , 6-1,  3, 

29,  46;  7-1  , 6,  9 
(See  Radioactive  debris) 
Fluctuation  field 

(See  Disturbance  field) 
Fluence,  8-2  tf,  14  ff,  21,  24  ff, 

28,  32,  39  ff,  44  ff,  70  ff 
Fluting  instability 

(See  Interchanr.e  instability) 
Flux,  3-36  ff 
contours 

(See  Contour  plot) 
density 

(See  Magnetic  field) 
directional 

(See  Directional  flux) 
magnetic,  3-23,  25,  30  ff 
omn’dir  ectional 

(See  Omnidirectiotial.  . .) 
Foldcer-Planck  coefficient,  5-11  ff, 
22  ff,  46,  93 

(See  Diffusion . . . ) 
Fokker-Planck  equation,  5-10  ff, 

22  ff,  46  , 58  ff.  94 
(See  Diffusion . . . ) 

Forbidden  region,  3-8  ff;  5-27 
(See  Trapping  . . . ) 

Fourier  analysis;  Fourier  com- 
ponent, 5-47;  9-2 
Free  electron,  5-2,  4,  8,  23; 

8-10 

F-region,  11-30 

(See  Ionosphere) 
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Frequency  spectrum,  9-5,  10,  16 
(See  Power  spectrum) 
Frozen  field,  3-26;  5-41;  7-4,  5 
(See  Field  line) 


-G- 

Gain,  8-22  f£,  35  , 35C 
Gamma  unit,  2-2 
GaiTfima  rays,  8-2,  30,  67;  11-8 
(See  Fission.  . . ) 

Gate.  8-13,  29  ££ 

(See  Field  effect  transistor; 
Metai  oxide  semicon- 
ductor. . .) 

Gate  voltage,  8-29 
Gauss  normalized  Legendre 
functions,  2-18 
Gaussian  coefficients  , 2-18 
Gaussian  units,  3-1,  47 
(See  Units) 

Geiger  counter,  11-1 
(See  Detector) 

Geomagnetic 

activity,  5-25 

coordinate  systems,  2-14  ff 
(See  Coordinates) 
disturbance  fluctuation;  pulsa- 
tion, 2-2,  33  ff;  5-42  ff, 

56  ff,  69,  84 
equator , 9-19  ff 
field,  2-1  ff;  3-1  , 8,  15,  19  ff, 
28,  31,  33,  36;  5-44;  9-14  ff, 
25 

indices:  ak,  Ak,  ap,  K.  Kp, 

2-37  ff 

latitude,  2-14;  7-9,  10;  9-29 
(See  Coordinates) 
secular  variation,  2-1,  4 
spherical  harmonic  e::pansion, 
2-1  , 17  ff 

stcrm,  2-31  ff;  S-i:. , 72  ff,  103 


time,  2-14 

transient  variations,  2-29  ff 
(See  Geomagnetic  dis- 
turbance) 

Geometry;  Geometric  factor,  8-5 
Giant  pulsations  , 2-35 
Gradient  magnetic  field,  3-18 
(See  Drift) 

Gravitation;  Gravitational  force, 
3-1,  3,  18;  5-32;  7-5,  6 
Green's  theorem,  3-30 
Group  velocity,  5-78 
Growth  rate,  5-78 

(See  Wave  amplification) 
GSFC  field  model,  2-18 
Guiding  center,  3-2,  13,  15  ff, 
19,  26  ff,  43;  5-22 
Gyro  frequency/period , 2 -33; 

3-6  ff,  23,  25,  65,  69;  5-16, 
61 , 64,  68  ff,  92,  98 
Gyro  motion,  3-5,  6,  16,  27; 

5-62,  63 
Gyro  radiation 

(See  Synchrotron  radiation) 
Gyro  radius,  3-7,  15,  19:  5-56 

-H- 

Hall  conductivity , 3-44 
Hamiltonian,  3-26  ff;  5-38 
Hamilton's  equations;  Hamilton- 
Tacoby  theory,  3-26 
Hardening,  8-35,  35C  ff 
Harmonic  number,  frequency, 

9-5  ff 

Harmonic  analysis 

(See  Fourier;  Spherical 
harmonic) 

Harris  and  Priester  model 
atmosphere,  11-15 

(See  Atmosphere.  . .) 

Heat  capacity;  Heat  content,  7-3 
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Heat  transfer,  3-40 
Helium  ions  in  ionosphere,  11-30, 
32 

Heterosphere,  11-9,  12  ff,  15 
(See  Atmosphere) 

Hiss,  2-36 

(See  Geomagnetic  pulsation) 
Hole,  8-3,  7,  10,  31 
Homosphere,  11-9 

(See  Atmosphere) 

Hot  plasma,  5-103,  107 
(See  Temperature) 

Hybrid  integrated  circuit,  8-33,  35 
(See  Integrated  circuit) 
Hydrodynamics,  3-3,  40;  7-6 
Hydromagnetic  model;  Hydromag- 
netic  equations,  3-38,  40,  43; 
7-6,  7.  28 

(See  Plasma . . . ) 

Hydromagnetic  stability /instability , 
5-33,  38  ff 

(See  Instability) 
Hydromagnetic  wave , 5-58 
(See  Plasma  wave) 

Hydrostatic  equation,  5-18 

-I- 

IGRF  field  model,  2-14 

(See  Geomagne-  c field) 
Imperfection,  8-2 
(See  Defect) 

Impulsive  injection , h-/5 
Impurity,  8-2,  4,  6,  10  ff,  43 
Inclination,  field  line,  2-2;  3-18; 


Inelastic  scattering,  8-9 
(See  Cross  section) 
Inhomogeneous  field,  3-18,  21,  25 
Initial  phase  of  magnetic  itorm, 
2-31 

Injection,  5-1,  23  ff,  30;  6-36, 

43  ff,  48  ff;  7-2  , 4 ff,  13  ff , 

20  ff;  8-58  ff 
Injection  efficiency , 8-23 
Inner  radiation  bolt;  Lo.vcr  radia- 
tion belt,  4-4  ff;  5-31;  7-2 
Instability,  5-35,  37,  58,  76  , 80, 
82;  7-8,  28 

(See  Plasma  instability) 
Insulator,  8-2 
Integral  invariant 

(See  Adiabatic  invariant, 
second) 

Integrated  circuit,  8-7,  33  ff 
Intensity,  3-36  ff 
(See  Flux) 

Interchange  instability:  Fluting  in- 
stability; Rayleigh- Taylo“  in- 
stability, 5-37,  43;  6-46; 

7-28 

Interplanetary  magnetic  field, 

1-1  ff 

Interstitial  atom , 8-2,  43 
interstitial  vacancy  (I-V),  8-10 
Intrinsic  carrier,  8-20 
Invariants,  adiabatic 

(See  Adiabatic . , . ) 

Invariant  latitude,  2-14,  22 
Invariant  momentum,  5-76 
Invariant  surface,  3-13,  31  ff; 
5-45 


(See  Adiabatic  invariant) 

Ion  cyclotron  mode;  Ion  cyclotron 
uave, 5-74, 103 

(See  Plasma  wave)  ^ 

Ionization,  5-2,  4;  8-2  , 7,  21  ff,  «i 

31  , 36  ff,  42  j 

(See  Excitation-ionization)  | 


7-6,  14 

Index  of  refraction 

(See  Refractive.  . .) 
Induced  current,  5-41 
Induced  magnetic  field;  Induction 
field,  3-20,  23  ff 

(See  Diamagnetism) 
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Ionization  chamber , 11-3 
(See  Detector) 

Ionized  gas,  3-44  ff 
(See  Plasma) 

Ionosphere,  3-46;  5-41  ff,  71,  96; 

9-28  ff;  11-30  ff;  12-1 
Ionospheric 

currents,  1-14 
dynamo,  1-14 
electric  fields  , 1-13 
layers,  11-30 
Islands  of  electrons,  4-60 
Islands  of  protons,  4-6  3 
Isotope,  7-1  , 15 

(See  Stable . . . ) 

Isotropic  distribution,  7-9 
Isotropic  flux,  8-47  , 52  , 57  , 70 

-J- 

Jacchia  model  atmosphere , 11-15 
(See  Atmosphere) 

Jacobian,  5-10  ff,  39 
Jensen  and  Cain  field  model,  2-18, 
20 

(See  Geomagnetic  field.  . .) 
Jensen  and  Whitaker  field  model, 
2-18 

(See  Geomagnetic  field.  .) 
Jet,  radioactive  debris  , 6-43;  7-8  ff 
JFET 

(See  Field  effect  transistor) 
J-integral,  2-31  ff 

(See  Adiabatic  invariant, 
second) 

Junction,  8-14,  20,  22  ff,  28,  31  ff, 
44 

Junction  field  effect  transistor 
(JFET) 

(See  Field  effect  transistor) 
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-L- 

Landau  damping  , 5-81 
Landau  resonance,  5-08 
Lattice,  8-2,  6 
Lattice  displacement 

(See  Displacement) 

Lattice  imperfection;  Lattice  de- 
defect, 8-2  ff 
(See  Defect) 

L currents , 2-30 
Leakage  current,  8-22,  "*4,  26  ff 
l.eft-handed  waves 
(See  Polariz 

Lifetime;  Decay  tirr.  , j-,oss  time, 
4-21,  25,  75;  5-5,  9,  17,  20, 
50,  54.  56;  7-12;  8-57;  10-5 
Lightning  storm  radio  noise,  9-21, 
23.  32 

(See  Radio  noise) 

Linearized  plasma  wave  theory; 

l.inear  theory,  5-82  ff 
Liouville's  equation;  Liouville's 
theorem,  3-35ff;  5-13  , 26,  45, 
50;  7-13,  17 

Lithium  drifted  solar  cell,  8-i7 
(See  Solar  cell) 

Longitudinal  flux  variation,  4-6  9 
Longitudinal  invariant , I-IO 
Longitudinally  averaged  flux,  4-66 
Lorentz  factor 

(See  Relativistic  dilation 
tactor ) 

l.orentz  force , 3-1 

(See  Equation  of  motion) 

Loss  cone,  5-13,  28  ff,  87 
(See  Cutoff) 

Loss  time 

(See  Lifetime) 

Lower  hybrid  resonance,  5-98 
(See  Plasma  wave) 

Lower  radiation  belt 
(See  Inner  belt) 
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L-pararr.eter , Mcllwain,  2-12,  17, 
19-.  1-33;  5-44 

L-shell,  3-33  ff;  5-  1,  25,  44,  56, 
60  ff,  80,  82;  7-6,  13,  15,  28; 
9-21  , 24  ff,  29  ff 
splitting  , 3 - 33  ff 
Lunar  daily  variation,  2-29  ff 
Lunar  day,  2-30 


Magnetic.  . . 

(See  Geomagnetic . . .) 
Magnetically  disturbed  day,  2-29 
Magnetically  quiet  day,  2-29 
Magnetic  bay,  2-33 
Magnetic  bottle , 7-5 

(See  Mirror  point) 

Magnetic  Bremsstrahlung 
(See  Synchrotron) 

Magnetic  bubble , 7-9 
Magnetic  compression,  3-26; 

5-45,  57  ^ 

(See  Field  lines ) 
hydromagnetic  compression, 
expansion,  7-2,  8 
Magnetic  energy,  5-35,  71 
Magnetic  field,  2-1  ff;  3-2  ff, 

14  ff,  20  ff,  26 

(See  Dipole.  . .;  Geomag- 
netic field) 

Magnetic  field  intensity;  Field 
strength,  3-42 

Magnetic  field,  interplanetary,  1-1 
Magnetic  fluctuation 

(See  Geomagnetic  fluctuation) 
Magnetic  flux 

(See  Flux;  Magnetic  field  in- 
tensity) 

Magnetic  flux  density,  9-2 
Magnetic  flux  tube , 5-2  3,  39 
Magnetic  force,  3-3 


Magnetic  meridian,  9-29 
Magnetic  mirror 

(See  Mirror  point;  Reflection) 
Magnetic  moment,  1-9;  2-8;  3-8, 
23,  26  ff;  5-57,  60 

(See  Adiabatic  invariant, 
first) 

Magnetic  potential 

(See  Potential) 

Magnetic  pressure,  5-35,  37  ff; 

7-4,  9,  28 

(See  Stress  tensor) 

Magnetic  reflection 

(See  Reflection) 

Magnetic  shell 

(See  l.-shell) 

Magnetic  storm 

(See  Geomagnetic,  . .) 
Magnetohydrodynamics,  3-41 

(See  Hydromagnetic  model) 
Magnetopause,  1-2,  4;  4-54 
Magnetosheath,  1-4 
Magnetosonic  mode,  5-74 
(See  Plasma  wave) 
Magnetosphere,  1-1  ff;  5-55,  60, 

71  ff,  78,  98 

Magnetosphere  model . 1-17 
Magnetospheric  bound  ' ry , 2-26 
Magnetosplieric  dynamo , 1-14 
Magnetospheric  electric  field,  1-14 
Magnetotail,  1-6 

Main  phase  of  magnetic  storm,  2-31 
(See  Geomagnetic.  . .) 
Majority  car rier , 8-3,  5 ff,  11,  17, 
21,  28  ff 

Marltov  process , 5-10 
Maximum  power,  8-16 
Maxwellian  distribution , 5-86  , 105, 
106 

Maxwell's  equation  3-1,  18,  42; 
5-33,  61 

Maxwell  stress  tensor 

(See  Stress  tensor) 
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Mcllwain  L-parameter 
(See  L-parameter) 

Mead  model  of  geomagnetic  field, 
2-26 

(See  Geomagnetic  field) 

Mean  free  path;  Mean  path  length, 
5-5 

Measurement  techniques  , 11-1  ff 
Mechanical  force  equation,  3-41; 
5-33 

’'leridian;  Meridian  plane,  3-9  ff 
leaosphere,  11-13 

(Sea  Atmosphere) 

Metal  insulated  semiconductor 
(MIS),  8-13,  28  ff,  34 
Metal  insulated  semiconductor 

field  effect  transistor  (MISFET), 
8-  28  ff 

Metal  oxide  semiconductor  FET 
(MvOSFET),  8-3,  6 
Microcircuit,  8-7,  35 
Micropulsation,  2-33  ff 

(See  Gc -magnetic.  . .) 
Microsheet  glass , 8-43,  45 
Migration,  8-9,  10 
Minimum  altitude  for  given  (B,L), 
4-66 

Minority  carrier,  8-3  ff,  11  ff, 

14  ff 

Mirror  altitude,  3-59  ff;  5-18; 
7-12,  13 

Mirror  latitude,  5-48  ff 
Mirror  point;  Mirror  field, 

3-21  ff,  31  ff;  5-25,  43  , 57  . 

82;  7-9,  12;  9-16,  21 
(Sec  Turning  point) 

Mirror  point  density,  7-12 
MIS 

(See  Metal  insulated  semi- 
conductor) 

Mobility,  8-13,  29 
Model  atmosphere 

(See  Atmosphere) 


Model  environment,  4-4,  16  ff 
Moments  of  Boltzmann  equation, 
3-39  ff 

Momentum  conservation,  3-40 
Momentum  space  trajectory 

(See  Diffusion  trajectory) 
Monolithic  Integrated  circuit,  8-33 
(See  Integrated  circuit) 

Monte  Carlo  computation,  8-68 
MOSFET 

(See  Metal  oxide  semi- 
conductor FET) 


-N- 

Net  flux,  3-37 
(See  Flux) 

Neutral  sheet,  1-6’  2-20 
Neutrino/ Antineutrino,  7-2 
Neutron  decay  , 1-11;  4-21;5-25tf; 
7-1  ff 

(See  Nuclear  decay,  fission) 
Neutron  diffusion:  Neutron  trans- 
port, 5-32  ff 
Neutron  half-life , 1-1 1 
Ncutror  production,  5-27,  28 
Nicolet  model  atmosphere , 11-9, 
15  ff 

Noise,  8-34 
Nonhomogenous  field 

(See  Inhomogeneous  fiek’.) 
Non-linear  plasma  wave,  5-82 
n-p  junction 

(See  Junction) 

NPN  transistor,  8-2  4 ff 

(See  Dipolar  transistor) 
n-region,  8-3,  20 
Nuclear  col)’'lvjn;  Nuclear  reac- 
tion, 5-5,  19  ff 
Nuclear  decay , 5-25,  33  ff 
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Nuclear  detonation;  Nuclear  ex- 
plosion, 5-37,  92;  6-1  ff; 

7-1  ff,  7,  12  ff,  28 
Argus  I,  6-2 
Argus  II,  6-2 
Orange,  6-1  ff 

Starfish,  4-69  ff;  5-40;  6-1  ff, 
31  ff,  45;  7-8;  9-1,  19; 

12-3 

Teak,  6-1  ff 

USSR,  Oct  22,1962,  6-1  ff,  47  ff 
Oct  28, 1962,  6-1  ff,  47  ff 
Nov  i.  1962,  5-52;6-lff, 
47  ff 

Nuclear  emulsion,  11-3 
Nuclear  fission 

(See  Fissiosi,  . . ) 

Nucleus,  5-3 

Number  density , 3-39;  9-19,  21 
(See  Distribution  function) 


-O- 

Ohm's  law,  3-41,  43 
Omnidirectional  flux,  3-36  ff, 

39  ff;  5-32,  37,  55,  80;  7-10, 

14  ff,  27  ff,  29:  8-4,  59  ff; 

9-24 

artificial  electrons,  6-22  ff, 

32  , 35,  37.  48,  50 
natural  electrons,  'i-20  , 26, 

32  , 43  ff,  48  , 54,  61  ff,  68, 
76 

protons,  4-5  ff,  17  ff,  34  ff,  40, 
51  ff,  63,  73 

Open  field  lino  model,  1-17 
(See  Magnetosphere) 

Optical  coating;  Antireflection 
coating , 8-42  ff 
Optical  mate  rial,  8-3,  5,  42  ff 
Optical  transmission,  8-3,  4-i  ff 


Orange  nuclear  detonation 

(See  Artificial  radiation  belt; 
Nuclear  detonation) 

Orbit 

(See  Satellite.  . .) 

Orbital  electron,  5-2,  3,  23 
Orbital  parameter , 8-2,  4 ff,  15, 
17,  44  ff 

(See  Satellite) 

Oscillation 

(See  Plasma  wave) 

Outer  radiation  zone , 4-29,  31, 

34  ff,  43  ff,  49;  5-37,  80;  7-2 
Outer  trapping  region,  5-37 

-P- 

Particle  collision 

(See  Collision) 

Particle  detector 

(See  Detector) 

Passivation  layer , 8-3,  10,  21  ff, 
26 
pc 

(See  Geomagnetic  pulsation) 
Pearls,  2-35 

(See  Geomagnetic  pulsation) 
Penetration;  . . . depth,  7-7  ff 
Phase  space,  5-19 
Phase  velocity,  5-64,  79,  81,  104 
Phoswich,  11-2 

(See  Detector) 

Photographic  system,  8-5 
T)i 

(See  Geomagnetic; 
Micropulsation) 

Pigment,  8-36  ff 
PIN 

(See  Diode) 

Pitch  angle  core,  5-28  ff 
(See  1.088  cone) 
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Pitch-angle  diffusion,  1-10;  5-56 
(Sbe  Diffusion) 

Pitch-angle  distribution , 5-71,  85. 
93 

(See  Distribution  function) 
Planar  transistor;  Planar 
geometry,  8-22  ff 
Plasma;  Ionized  gas,  3-3,  26, 

3S  ff,  4-65;  5-1  , 4,  9,  13  ff, 

33,  35,  42,  68  ff;  7-4 
Plasma  current  sheet  field,  2-28 
Plasma  density  parameter,  5-71  ff, 
104 

Plasma  frequency,  5-70  ff;  9-10 
Plasma  instability,  5-37,  78,  82  , 
87 

(See  Wave  amplification) 
Plasmapause,  1-17;  5-72  ff,  98 
Plasma  sheet,  1-6;  4-63 
Plasmasphere , 1-15,  17;  4-63; 
5-108;  11-32 

Plasma  wave;  Plasma  oscillation, 
3-43;  5-1,  33,  56,  58  ff,  68  ff 
p-n  junction,  8-7,  14,  o , 19  ff, 
26,  30,  33 

(See  Junction) 

PNP  transistor , 8-26 
Polar  electroject,  3-46 
Polarization  (Right  and  Left), 

5-61  ff,  69,  71,  74,  76  ff;  9-3, 
18,  26,  32 

(See  Plasma  wave) 

Positron,  7-1 
Potential 

exectric,  3-2S,  29:  5-43 
Lienard- Wiechert , 9-2 
magnetic,  1-17 
StOrmer,  3-9,  11 
Power  conversion  efficiency,  8-42 
P.  ver  spectrum;  Power  density; 
Spectral  density,  5-44,  47  ff, 

56  , 59,  bO,  6 9 ff;  9-2  ff,  31 
Poynting  vector,  9-1,  3 


Precipitation,  1-iO;  4-75,  80 
p-region,  83 , 20  ff 
Pressure  tensor 

(See  Stress  tensor;  Mag- 
netic pressure) 
Probability,  5-10  ff 
Probability  density,  8-47 
Prompt  gamma,  11-8 
(See  Fission . . . ) 

Prompt  neutron,  li-8 
(See  Fission.  . .) 
Propagation  wave,  5-71,  74,  75 
Pseudotrapprng , 4-2  ff,  51  ff,  58 
Punch-through,  8-23 


-Q. 

Quasilinear  theory , 5-82,  95 


-R- 

Radial  diffusion:  Cross-L  diffu- 
sion, 1-11;  5-31,  42,  46  ff, 

55  ff,  60,  82;  9-26 

Radiacion  detector 

(See  Detector) 

Radiation  dose,  lO-l  ff 
(See  Dose) 

Radiation  measurement  techniques, 
11-1  ff 

Radiation  pattern;  Plmission  pat- 
tern, 9-3  ff,  12 

Radioactive  debris,  6-4,  20  43,  46, 
49:  7-1  ff,  6 ff,  12  ff,  18 
(See  Fission  . . . ) 

Radio  noise,  9-21,  23 

Range,  fast  particle , 5-5  ff;  7-6, 

8;  8-47,  52  ff 

Rayleigh-Taylor  instabi.’*/  5-37 
7-8 

(See  Interchange . . .i 

Ray  path,  9-24  ff 
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RBE 

fSee  Relative  biological 
effectiveness) 

Recoil,  7-3 

Recombination;  Recombination 
center,  &-3,  10  ff,  26,  32 
Recovery  phase  of  magnetic 
storm,  2-31 
Rectifier  diode,  8-20  ff 
(See  Diode) 

Redistribution,  4-69  ff;  5-1 
Reduced  mass,  5-2 
Reflection 

(See  Mirror  point;  Turn- 
ing point) 

magnetic,  3-13,  21  ff;  5-57 
neutron,  7-2 
wave,  5-71,  80,  32 
Reflectivity,  8-15,  43  ff,  47 
Reflectors,  8-27 

Refraction;  Refractive  index,  8-42 
Relative  biological  effectiveness 
(RBE),  10-1 

Relativistic  dilation  factor;  Lorentz 
factor,  3-4,  28;  5-3,  64  ff,  86; 
9-3 

(See  Relativity) 

Relativistic  mass , 3-5 
Relativity;  Relativistic  correction, 
3-3  ff,  20  , 39.  64  ff,  78;  5-4, 

64  ff,  75,  86  , 92;  9-2  ff 
Replenishment,  4-69 
Resistivity;  Resistance,  3-41;  8-10, 
15,  17,  22  ff,  26 
(See  Conductivity) 

Resonance;  Resonance  condition, 
5-58  ff,  64,  68,  75  ff,  96 
Rest  mass , 9-3 
Right-handed  wave 

(See  Polarization) 

Ring  current,  1-15;  5-98,  103;  12-2 
Roentgen  equivalent  man  (rem),  10-1 


Rutherford  cross  section 
(See  Cross  section) 


-S- 

Satellite 

irradiation,  8-57  ff,  71  ff; 

10-4  ff 

measurements  of  artificial  ra- 
diation, 6-3  ff,  8 ff,  10, 

13  ff,  31  ff,  33  ff,  40,  47  ff, 

53 

protection,  12-3  ff 
statistical  information,  11-49  ff 
system,  8-2,  5,  36  ff,  42  ff, 

59,  70  ";  10-1  ff 
(See  Shielding) 
vulnerability,  10-1  ff 
Saturation;  Saturation  flux,  5-37; 
7-9;  8-58;  9-21,  24 
(See  Trapping  limit) 

Saturation  current/voltage , 8-20  ft , 
29 

Scale  height,  5-18;  7-2  ff,  6 
Scattering,  4-21,  66,  69,  75; 

5-32;  11-16 

(See  Deflection) 

Scattering  angle,  5-3,  23 
Scattering  center,  8-13 
Schmidt  function , 2-18 
Scintillation  counter , 11-2 
(See  Detector) 

Second  adiabatic  invariant 

(See  Adiabatic  intariant) 
Secondary  production,  5-20  ff 
Second  surface  mirror 

(See  Solar  reflector) 
Self-consistent  theory 

(See  Trapping  limit) 
Semiconductor,  8-1  ff,  10  ff,  13  ff, 
42 

Sferics,  2-^S 

(Seo  Geomagnetic  pulsation) 


» 


% 


15-15 


2 December  1974 


Shielding,  8-1  ff,  5.  17,  42  ff, 

47  ff,  65  ff 

Shock  curve,  6-46;  7-2 
Shockley-Read  analysis  , 8-11,  13 
Short  circuit  current , 8-16 
Silicon  semiconductor,  8-4  ff,  9 ff, 
15,  16,  33,  70 
Skirt,  4-51 

(See  Pseudotrapping;  Mag- 
netosphere) 

Slot;  Slot  region;  Electron  slot, 

4-3  ff,  U,  34,  39;  5-98 

(See  Inner  radiation  belt;  Out- 
er radiation  zone) 

Sloughing  of  fireball  debrio,  7..4  ff 
Solar 

cell,  8-3,6,  li  ff,  42 
cosmic  rays,  5-27,  31 
flare  effect  (sfe),  2-31 
(Geomagnetic.  . .) 
parameter  S'  (10.7  cm  flux), 
11-16 

particles  , 4-80 
quiet  variation , 2-29 
reflector;  absorber,  8-36  ff 
wind,  1-1  ff;  5-42,  84  ff 
Solid  ionization  chamber,  11-3 
(See  Detector) 

Solid  state  detector,  11-2 
(See  Detector) 

Source 

(See  Field  effect  transistor) 
Source  function,  7-15 
South  American  anomaly;  South 
Atlantic  anomaly;  Brazilian 
anomaly,  2-22;  4-66,  69;  5-21; 
7-12,  13,  27 
Space  charge,  8-22,  24 
Specific  electrical  conductivity, 
3-44 

(See  Conductivity  tensor) 
Spectral  density 

(See  Power  spectrum) 


Spherical  harmonic , 2-17;  5-47 
Sq  currents  , 1-14;  2-30;  12-1 
Stability  criterion,  5-38,  40,  45; 

7- 15 

(See  Instability) 

Stable  isotope,  7-1,  3 
Stable  orbits 

(See  Trapped  orbits) 

Star 

(See  Cosmic  ray) 

Starfish 

(See  Nuclear  detonation; 
Artificial  radiation  belt) 
Steady  state  flux,  5-20;  7-27 
Stocliastic  acceleration,  5-44  ff 
(See  Fokker-Planck) 

Stopping  power,  5-2  ff;  8-8,  47, 
70,  76 
Stc-  rm 

(See  Geomagnetic) 

Stormer  angular  momentum , 3-8 
Stormer  orbit,  3-7  ff;  5-56 
Stormer  trapping  ci^iterion,  3-15 
(See  Trapping  limit) 

Stormer  unit , 3-8 
Stratosphere,  11-3 

(See  Atmosphere) 

Streaming  instability,  5-76 
(See  Instability) 

Streaming  velocity,  3-39  ff 
Strength  (of  materials),  8-3 
Stress  tensor;  I’ressure  tensor, 
3-40;  5-33  ff 

Strong  diffusion,  5-13,  96 
Structural  imperfection,  8-4 
Structure;  Structural  material, 

8- 3 

Sudden  commencement  (SC),  2-31; 
3-26;  5-44 

(See  Magnetic  storm) 

Sudden  impulse  (SI),  2-32 

Surface  charge,  8-31 

Surface  effect,  8-6,  ?4,  26,  28, 

32 
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Surface  potential , 8-13 
Surface  recombination  rate,  8-13 
Surface  state,  8-26 
Switching 

(See  Diode) 

Synchrotron  emission;  Radiation; 
Cyclotron  radiation;  Magnetic 
Bremsstrahlung , 9-1  ff 
System 

(See  Satellite) 


Tail,  geomagnetic,  4-58  ff 
Temperature;  Klectron  temper  - 
tura,  i-ifa;  5-71,  75,  78,  8^, 
105  ff;  8-10,  15  ff 
Thermal  control  surface,  8-3,  44 
Thermal  control,  8-3,  36  ff 
Thermal  fluctuation,  5-4 
Thermal  plasma 

(See  Temperature) 

Thermal  speed;  Thermal  particle  j 
Thermalization,  3-2,  18  ff,  38; 
5-9,  17,  76  ff;  7-2 
Thermosphere,  11-12  ff 
(See  Atmosphere) 

Thin  film  integrated  circuit,  8-33 
(See  Integrated  circuit) 

Third  adiabatic  invariant 

(See  Adiabatic  invaria..t) 
Threshold,  8-3,  29,  31  , 35D 
Total  mass  velocity,  3-40 

(See  Streaming  velocity) 
Transconductance,  8-32 
Transistor,  8-21,  25  ff,  44 

(See  Bipolar.  . . ; Field 
effect.  . . ; Metal  oxide 
semiconductor.  . Metal 
insulated  semiconductor.  . .) 
Transition  region  of  magneto- 
sphere, 1-4 
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Transmission,  8-3 
Trapped  orbits  i Stable  orbits  , 

3-8,  12,  15;  7-1 
Trappi  \g,  7-1,  3,  7,  12 
(See  Injection) 

center,  3-8  ff,  15,  33  ff;  4-54  ff; 

5-56  , 96  ff,  107 
efficiency,  6-29,  39;  7-9,  12 
fraction , 7-9  ff 

limits,  3-8  ff,  15,  33  ff;  4-54  ff; 
5-56  , 80  ff,  7-28 
(See  Forbidden  regions) 
region,  7-10 
Triton,  7-1 
Troposphere,  11-13 

(See  Atmosphere) 

Tunnel  diode,  8-20  ff 
(See  Diode) 

Turbopause,  11-9 

(See  Atmosphere) 

Turbulence,  plasma  wave,  5-84; 
7-5 

Turning  point,  3-13  ff,  21  ff,  57 
(See  Mirror  point*, 

Reflection) 


Ultra-low  frequency  (ULF),  2-33 
ULF 

(See  Ultra-low  frequency) 
Ultra-violet  (UV)  radiation,  8-35, 
43.  45 
Units 

cgs  Gaussian,  3-1,  47  ff;  5-61 
electromagnetic  (emu),  3-17, 

41  , 44,  47  ff;  5-61 
electron  volt,  3-4  ff,  20 
US  standard  atmosphere,  11-9,  15 
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Vacancy,  8-Z,  10 

(See  Interstitial) 

Velocity  space,  5-13,  65  ff 
Velocity  space  trajectory 

\See  Diffusion  trajectory) 
Very-high  frequency  (VHF),  9-2, 
14 
VHF 

(See  Very-high  frequency) 
Very-low  frequency  (VLF),  2-35; 

5-96  ff,  107 
VLF 

(See  Very-low  frequency) 
Voltage  at  maximum  p^'wer,  8-1 6 
Vulnerability 

(See  Satellite  ./ 


-W- 

Wave 

(See  Plasma  wave) 
absorption,  5-68,  81 

(See  Wave  amplification) 
amplification,  s-68,  78,  80  ff, 
92,  96,  103 
giowth,  5-78 

(See  Wave  amplification) 
particle  interaction 
(See  Plasma  wave) 
power  spectrum 

(See  Power  spectrum) 
reflection,  5-96  ff 
turbulence,  5-103 
Weak  diffusion,  5-96 
Whistler  mode;  Whistler  wave, 
2-35;  5-74,  76  , 87,  94,  105  ff 
Williams  and  Mead  field  model, 
2-28 

(See  Geomagnetic.  . .) 
Wings  of  radiation  intensity,  6-2  9 


X-rays,  8-30,  67 
-Y- 

Yield,  beta  yield;  Detonation 
energ>  , 6-2;  ff 

-Z- 

Zener  diode,  8-20  ff 
(See  Diode) 

Zenith  distance,  9-25  ff,  31 
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A'T'TN;  Lt  Col  W.  Iteam 


Commander 

Foreign  Technology  Division,  AFSt- 
ATTN;  TD-B-TA,  Library 
ATTN:  TDPSS,  Kenneth  N.  WllllaniH 


HQ  CSAF/IN 
ATTN:  IN 


DEPARTMENT  OF  THE  AlH  FOHCE  (Continued) 

HQ  L'SAF/HD 

ATTN;  HDSA 
ATTN;  HIXJPN 
ATTN:  RDPS 
ATTN:  HD 
ATTN:  HDPM 


Commander 

Home  Air  Development  Center,  AFSC 
ATTN;  J.  J.  Simons 
ATTN;  EMTLD,  Document  Library 
ATTN;  Col  H.  Paltauf 
ATTN;  V.  Coyne 

SAMSO/DY 

ATTN:  DYE,  Lt  Col  W.  F.  Herdrich 

Commander  In  Chief 

Strategic  Air  Command 

AT'rN:  XPFS,  Maj  Brian  G.  Stephan 

•ah  Weather  Wing,  MAC 

2 cy  ATTN:  AESB 

USAFtTAC/CB 

ATl'N:  CUT,  Mr.  Croasl 

ENERGY  HFSEAHClHi  DEVELOPMENT  ADMINISTRATION 

FERMI  National  Laboratory 

ATl'N;  Document  Control  for  A.  C.  Wahl 
ATl'N:  Document  Control  for  Lon  Lelbowlts 
A'l'TN;  Document  Control  for  8.  Oabelnlck 
ATTN:  Document  Control  for  W.  A.  Chupku 
ATTN:  Document  Control  for  Dnvtd  W.  Green 
ATTN:  Document  Control  for  Gerald  Reedy 

Division  of  Military  Application 

L'.S.  Energy  Re.scnrch  & Development  Administration 
ATTN;  Document  Control  for  Rudolf  J.  Engelmami 
ATTN;  Document  Control  for  Colonel  T.  Cross 
ATTN:  Document  Control  for  Frank  A.  Hobs 
ATl'N:  Document  Control  for  Donald  1.  Gale 
ATl'N:  Document  Control  for  David  H.  Slade 

I'nlverstty  of  California 

Luwrenc  Llvormore  Laboratory 
ATTN;  L-517,  J.  F.  Ttnno'y 
ATTN;  Dept,  L-J,  Tech,  bifo.  Department 

ATl'N:  F.  Charles  Gilbert 

ATl'N;  H.  Yoder 

ATTN;  J.  Watson 

Los  Alamos  Scientific  Laboratory 

ATl'N:  Document  Control  for  Herman  Hocrlln 
A TTN;  Document  Control  for  John  S.  Malik 
A TTN;  Document  Control  for  J.  Juad 
ATTN:  Document  Control  for  E.  W.  Hones,  Jr. 

ATTN;  Docur-ont  Control  for  Martin  ricmoy,  J-ll) 
ATTN:  Document  Control  for  William  Mater 
ATl'N;  Document  Control  for  H.  M.  Peek 
A TTN:  Document  Control  for  S.  Hockwood 
ATl'N;  Document  Control  for  Donald  Kerr 
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ENEIU'.Y  KHSEARC  II&DEVKLOPMENT  ADMINISTHATION 
(Continued) 

Snndla  Lnboratorius 
Llvurmoro  Eaborntory 

ATTN:  Do';.  Con.  for  Thomns  U.  Cook,  Org.  8000 
Sandin  Labornlorlos 

ATTN:  Doc.  Con.  for  3141,  Sundta  Hpt.  Coll 
ATTN:  Doc.  Con.  for  CralK  Hudson,  Org.  1751 
ATTN:  Doc.  Con.  for  Org.  0220 
ATTN:  Doc.  Con.  for  J.  c:.  Eckh.irdl,  Org.  1250 
ATTN:  Doc.  Con.  for  .Morgan  L.  Kramm,  Org.  5720 
ATTN:  Doc.  Con.  for  I’rank  P.  Hudson,  Org.  1722 
ATTN:  Doc.  Con.  for  Claroncu  H.  Mohl,  Org.  5230 

t'.S.  Energy  Hesuarch  i Dovelopmant  Admlnistr.atton 
Division  of  Headquarters  Services 

ATTN:  Doc.  Con  for  D.  Kohlst.ad 
ATTN:  Doc.  Con.  for  Joseph  D.  Luflcur 
ATTN:  Doc.  Con.  for  Hlchard  J.  Knndel 
Al'TN:  Doc.  Con.  for  H.  H.  Kurzweg 
ATTN;  Doc.  Con.  (or  George  H.  Hogosn 

U.S.  Energy  Hesenreh  i Development  Administration 
Urookhaven  Area  Office 

ATTN;  A.  W.  Castleman,  Jr. 

ATTN:  J.  Chenilk 

OTHEH  GOVEKN.MENT  AGENCIES 

Central  Intelligence  Agency 

ATTN;  HD/SI  for  NED/OSI  - 2G48,  Hi|S. 


OTHER  GOVEItNMENT  AGENCIES  (Continued) 


Department  of  Commerce 
Office  of  Telecomnumicntlons 
institute  for  I'elecom  Science 
ATTN:  William  K.  Ctlaut 
AT  I N;  Glenn  Ealeon 
ATTN;  Le.nter  Berry 

Department  of  Triinsportatlon 
Iransportntton  Hesenreh  System  ttenter 
ATTN;  1'.  .Marmo 

Department  of  Transecitation 
Office  of  the  Secretary 

A TTN:  Allen  J.  Grobetker 
ATTN:  H.  Underwood 
ATTN:  Samuel  C.  Coronltl 
10  cy  ATI'N;  Hlchard  b.  Strombotne,  IST-S 

NASA 

Scientific  Si  Technical  Information  Fiicllltv 
ATTN;  ACQ  Branch 
ATTN:  SAHA>LA-385 

National  Aeronautics  & Space  Admlni.stn.Uon 
George  C.  Marshall  Space  Plight  Center 
ATTN:  W.  A.  Oran 
ATTN;  C.  H.  Bnugher 
ATI'N:  N.  H,  Stone 
ATTN;  W.  T.  Hoborls 
ATTN;  H.  D.  Hudson 
ATTN:  H.  Chappell 


Department  of  Commerce 
National  Bureau  of  Standards 
ATTN:  I)  Garvin 
ATTN:  I).  It.  Udo 
A'T'TN;  B.  Sllonor 
ATTN;  K.  Ke.ssler 
ATTN:  Stanley  Abramowltz 
A'T'TN;  M.  Scheer 
A T TN;  Office  of  Director 
ATT.N;  Charlos  W.  Bockutt 
ATTN;  J.  Cooper 
A'T'TN:  M.  Kr.auss 
A'T'TN;  G.  A.  Slmmatt 
ATTN:  I..  G.  EvaiUiiuui 

Department  of  Commerce 

National  Oceanic  Si  /Mmos|)hurtc  Administration 
Environmental  Hcscarch  l.aboratorles 
A'T'TN;  IM3,  DonaM  J.  Williams 
A T TN;  Hobert  B.  Docl.cr 
ATTN;  HXl,  Hobert  W.  Kncehl 
A'T'TN;  (ii:orgc  C.  Hehl,  Aeronomv  I.ab. 
A'T'TN:  E.  E.  Ferguson 
ATTN;  Donald  J.  WIIHams 
A'T'TN:  1143,  Herbert  II.  Sauer 

DIrcrior,  Air  Hesources  l.aboratorles 
National  Occiinlc  St  Atmospheric  Administration 
ATTN;  J.  K.  Angell 
* " 'TN;  L.  Machtu 


National  Aeronautics  6 Space  Administration 
Csxidard  Space  Flight  Center 

ATT.<:  Gilbert  D.  Mead,  Code  841 

ATTN;  J.  SIry 

AT'TN;  James  1.  Vclte 

ATTN;  S.  J.  Bauer 

A'T’TN;  Technical  Library 

A'T'TN;  A.  3’ompkln 

ATTN:  C.  Levin 

.A'TI’N.  J.  P.  Heppner 

A’T'TN;  H.  F.  Benson 

ATTN:  E.  J.  Moyer 

A'T’TN:  M.  .Suglura 

A'T’TN:  H.  A.  Taylor 

ATTN:  A.  C.  Aiken 

National  Aeronautics  Si  Space  Administration 
Johnson  Space  Center 

ATTN;  Classified  Library,  Code  UV'' 
A’T'TN;  Owen  Gnrrlot 

National  Aeronautics  & Space  Admlnlslra.lon 
Ames  Hcscarch  Center 
A’T’TN:  C.  P.  Sonett 
A'T'TN:  N-245-4,  Ilia  G.  Poppoff 
A'TTN:  N-245-3,  Palmer  Dyal 
3 cy  A’T’TN:  M-254-4,  H.  Whitten 
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OTHEH  GOVEHNMENT  AGENCIES  (C'ontlnuod) 

National  Aoivnaiitlcs  & Spaco  Adnilnlslrallon 
ATTN;  K.  H.  SchmorlinK 
ATTN;  I,,  i).  Kavananh,  J.'. 

ATTN;  A.  Schaixlt 

ATTN;  J.  Nautjlc 

ATTN;  G.  K.  Ot-rtul 

AITN;  H.  II,  KurzwcK 

ATTN-  Moutunaiit  (.'olonol  J.  K.  Luhana 

ATTN;  II.  KoPows 

ATTN.  M.  OiiUn 

ATTN;  It.  T.  Sihltfof 

ATTN;  1’.  Eaton 

ATTN;  N.  Homan 

ATTN;  O.  Cauffman 

ATTN;  I..  I'onu 

A'lTN;  M,  Tuppor 

ATTN:  J.  ITndlay 

ATTN:  G.  Shan) 

National  Solom  o l'<  uiulatii  'i 
AT'IN;  E.  P.  fotltl 
ATTN;  M.  K.  WiUon 
AITN:  1„  II.  MoKill 
ATTN;  W.  11.  Gnimof 
ATTN:  !■'.  Gilmaji  lllaku 
A1  IN;  I'fod  1).  White 
ATTN;  Hobori  Maaka 
ATTN;  It.  S.  Z ipoUkv 
ATTN;  HoU  Sli.cUtif 
ATTN:  W.  n.  .\dnmH 

I'.S.  Arms  Control  & Disarmament  AKoncy 
ATTN:  Offiee  of  Diroetor 
ATTN:  Hoferoneu  Info,  ('(.ulor 
ATTN:  Piurce  S.  Cordon 

i'.S.  Geolonloal  Survey 

ATTN:  Hobori  1).  Heipin 

Department  of  (.'ommeree 

National  Oeeanlc  &■  Atmospherle  Administration 
ATTN:  Gerald  A.  Peterson 
ATTN;  Honald  L.  Davolo 
/TTN;  Wayne  MeGovurn 
/vTTN;  Edward  S.  E|)aloin 
AT  TN:  John  W.  Townsend,  Jr. 

DEPAH  I MENT  OE  DEi'ENSE  CONTHAC  lt HIS 


.Aerodyne  Heseareh,  Inc. 

ATTN;  M.  C:iman 

Amerle:m  Selenee  & fi))!liieei  inn  torporatlon 
AT'I  N;  Doeument  Control 

Analyllenl  Syslems  EnKlneerlnp  CoriK)r;tllon 
A'l  'I'N;  .1.  A.  Caruso 

Uallelle  .Memorial  Institute 

AT  I N:  Ibidtation  Mfecta  Information  Center 
A'l  I N;  Donald  J.  llamnmn 

Uell  Teluphone  l.aburatortos,  Inc. 

ATTN:  l.vman  J.  Eretwoll 
A T TN:  Arnold  S.  Doxer 
ATTN;  1.,  II.  Sessler,  Jr. 

ATTN;  W.  Drown 


DEPAHTMr.NT  DEEENSE  CONTHACTOnS  (Continued) 

Aeronomy  Cor|)orallon 
ATTN;  S.  A.  Dowhlll 


Aerospace  < 
ATTN: 
ATTN; 
ATTN; 
ATTN: 
ATTN; 
ATTN; 
ATTN: 
ATTN: 
ATTN: 
AT  rN; 
AITN: 
A'l  TN; 
AITN; 
ATTN: 
ATTN: 
ATTN; 
ATTN: 
ATTN: 
ATTN- 


‘orpo  ration 
E.  Keller 

D.  Cohn 

J.  E.  Blake 
J.  Sorrels 

E.  W.  Aukorm;m 
Julian  Heinheimor 
J.  Stevens 

J.  Woodford 
H.  Mortensen 
”.  W;ill 
r.  Eriodman 
V.  Josephson 
Harris  Mayer 
Georne  Paullkas 

G.  Mlllbum 

S.  P.  Bower 

T.  To;  lor 
N.  Cohen 

H.  I).  Hawcllffe 


Albright  Colloge 

ATTN;  Moo  Ur.R  Kim 

The  Boeing  Com,jany 

ATTN:  Glon  Keister 

The  Trustees  of  Boston  College 
A')  I N:  tJbrary 

/,TTN;  Chairman,  Department  of  Chemistry 
aTTN;  It  E.  Carlvlllnnd 
i.ITN;  H.  Ealhcr 
ATTN;  H.  llelblon) 

Brown  Engineering  Company,  Ine. 

AITN;  J.  E.  Cato 
»TTN:  C.  E.  Wavne 
VI'TN;  K.  Walters 
ATTN;  -1.  Dabkins 

Eniverslty  of  California  it  Eos  Angelos 

Ufflee  of  Extramural  Supi-ort 

A TTN:  T.  A.  Earley,  Space  Science  Eaboratory 

DniversPy  of  California  ill  Blvcrsldo 
A’lTN;  Alan  C.  Ele.d 
ATTN;  James  N.  Pills,  Jr. 

ATTN;  Eeo  Zapontc 

I'niversltv  of  California  ;il  Snn  Diego 
A'lTN:  Peter  M.  D.inks 
A I TN;  C.  E.  Mellwaln,  Pliysles  Dept. 

Cnlver.sil.y  of  Califoniia,  Berkeley  Campus 
AT  TN;  Klnsie  A.  Anderson 

Calspnn  iVrporntloii 

ATTN:  W.  Wurster 
ATTN-  C.  E.  Ireanor 
A’lTN:  Hoberl  A.  I-Tua;;ge 
ATl’N:  M.  G.  Denn 
A ITN:  Technical  I.lbiary 
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DEPAIITMKNT  OK  OKl-  KNSt:  C 'ON  I HAC  TOIIS  (C  ontiiiuod) 

l iilvi'i’sitv  Ilf  l'iilor:i(lo 
Offici.'  Ilf  Hl'ScmuIi  Siin  U'L’8 

ATTN;  ciurlfs  A.  Daitli,  l.ASP 
ATI  N:  .liittr.-v  A.  PaaiVL' 

ATTN:  A.  Pholps 
A l TN:  f . 

ATTN:  K.  C.  Peaty 

The  rrusti'us  iif  I'nlumbla  Lnlvui'slly 
AT  TN:  Hii'haiil  N.  '/are 
A I'  I N:  Security  Officer,  II.  ,M.  I'ollen 

C oi’i.s.il  Kabiiratiirle.s 

AT  I N;  Diii'iimeiit  (.'irntnil 

L'lilversity  of  Denver 
Coliirailii  Seiiiliinry 

ATTN;  .Iiuui  G.  Hoederer 
ATTN;  I).  Murerav 
ATTN;  It.  Van  Zyi 

EpHllon  l.aboraturien , Inc. 

ATI  N;  Henry  .Miranila 
ATl'N;  t:.  Aceaitlo 

ESI,,  Uu  . 

ATTN;  .lanie.s  Marahall 

E.ylriuinclear  baliuratorles,  Inc. 

ATTN;  Waile  Kite 

General  Dyiian.'  a t'orporatlon 
Konvair  Divl.slon 

ATTN;  Lilirary  i.'S-Ul),  I),  II.  McCoy 

(lenei'al  Electric  Company 
Space  Division 

A'l  TN;  'I'oeliiiieal  Iiiforniallon  lienler 

AT  I N;  .\I.  It.  Iliiriner,  Space  Science  I..abiiralory 

A'fTN;  Jii.,ieph  C.  Pixlen,  CCK  s.'tiil 

ATTN;  T.  Haiirer 

ATKN;  P.  Zavlstaniia 

A'l'TN:  K.  Alyeii 

ATTN;  A.  Siini.sualli 


DEPAin  MENT  OK  D E KENSE  CONTHACTOH!;  (Continued) 

Geophysical  Institute 

Knlversltv  of  AbisUa 

ATIN:  S.  I.  Akasofu 
ATTN:  A.  Delon 
ATTN:  Ni-il  Drown 
ATI'S;  T.  N.  Davis 
ATTN:  Tecluilcnl  Elbrary 
ATTN:  It.  Pnrlhiisoralny 
ATTN:  n.  Cole 
ATTN:  I).  J.  Henderson 
ATTN;  J.  S.  Wnpner 

Harvard  Colluite  Observatory 
ATTN;  .1.  Patrick  Henry 

IIHD-SIntter,  Inc 

ATTN:  Tech.  Infornuition  Center,  E.  .1  McHrlde 

HSS,  Inc. 

ATI  N:  M.  Schuler 
ATTN;  I).  Hansen 
ATTN:  II.  Stewart 

ID.M  Corporation 

ATTN:  Daniel  C.  Sullivan 

IIT  lleseuivh  Inslltule 

A ITN;  Technical  bibrary 
ATIN:  H.  It.  Cohen 

Kntverslty  of  Illinois 

ATTN;  .1.  Schivusler 

Pnlverslty  of  Illinois 

ATTN;  Chalmers  Sechrisl 

Kniverslty  of  Illinois 

Phvslcs  Department 

ATTN:  Wllllain  .1.  Ottliip 

Institute  lor  Defimse  Analyses 

A TTN:  IDA,  I.lbrnrlaii,  lluth  S.  Smith 
ATI  N:  .loel  Deiipston 
ATTN:  Hans  Woiniaitl 
ATTN;  Ernest  Hauer 


General  Electric  Com|i;uiy 

TE.MPt^-Centef  fi.r  Adv;uiced  Studies  Inteleoin  H:id  Tech 

ATTN;  Tim  .‘^'ephens  A'lTN;  H.  II.  .Nevnaber 

A'l  l N;  Don  Ch  uxller 

ATKN:  W.  s.  Nnapp  .layeor,  Ine. 

A T TN:  It.  Gamlnll  ATI  N;  .lames  Youna 

olcyATIN:  DASIAC,  M.  Dudash 

.loh’i.s  Hopkins  Kniverslty 

General  lleseaieh  Corporalioii  Appllisl  Physics  l.;iliornlory 

ATTN;  .lohn  Ise,  .1  r.  .\TTN:  Document  Control 

General  Itesearch  Corporiitioi.  Kamati  Sciences  Corpornllon 

ATI  N:  .1.  '/okrskewski  ATTN;  Krank  H.  Shelton 

ATTN:  bibrary 

Grunuuin  Aerospace  Corporalioii 
ATI  N;  Michael  D.  AkosMiui 


i iiitiHMirt^afifiMtaflba^^ 


DEPAHTMENT  OF  DEFENSE  CONTIIACTOHS  (ConUn.-ud) 


DEPAHTMENT  OF  DEFENSE  CONTUACTOHS  (Continued) 


Lockheed  Missiles  <i  Space  Company,  Inc. 

ATTN:  J.  H.  Ilockonbcrry,  D/60-O1 
ATTN;  J.  T.  Hart,  Jr.,  D/Rl-03 
ATTN;  W.  P.  Mlnmautjh,  D/U9-50 
ATTN:  It.  0.  Motfat,  D/81-01 
ATTN:  S.  1.  Weiss,  D/(i8-01 
ATTN:  E.  E.  Crowthor,  D/flO-01 
ATTN;  n.  L.  Crowthor,  D/r.2-25 
ATTN:  Q.  A.  Hlope,  D/iiO-80 
ATTN:  Dewey  ChurchlU 
ATTN:  J.  Crotcher 
ATTN:  D.  F.  McCllnton 
ATTN;  H H.  Olds 

Lockheed  Mtssilcs  & Space  Comp.any 
ATTN:  W.  I,,  tmhof,  D/32-12 
ATfN:  (J.  II.  Niikano,  D/32-12,  11/203 
ATTN;  It.  P.  Caron,  11/32-20 
ATTN;  H.  K.  Landshnlf 
ATTN;  James  W.  Schnllov 
ATTN:  E.  A.  Smith 
ATTN;  T.  n.  Passell 
ATTN;  if.  D.  Movcrott 
ATTN;  G.  T.  Davidson,  D/i.2  12 
ATTN;  .lohn  E.  Ev;uis,  D/.32-LI 
ATTN;  it.  D.  Sharp,  11/52-12 
ATTN:  W.  D.  Fiyo,  11/32-21 
ATTN:  Technical  Information  C'crtcr.  Il/Coll. 
ATTN;  Hichard  G.  Johnson,  D/52-12 
ATIN;  Hilly  M.  McCormac,  11/52-14 
ATTN;  W.  E.  Francis.  11/52-12 
AITN:  II.  C.  Fisher,  11/52-14 
ATTN;  A.  11.  Aialerson,  11/52-12 
ATTN:  J.  11.  ItcaKim,  11/52-12 
ATTN;  it.  A.  Urouch,  11/52-21 
ATTN;  L.  L.  Ncwkivk,  D/52-21 
ATTN:  John  11.  Cladls,  D/52-12 
ATTN:  Mnrili:  Wall,  D/52-10 

.M.l.  T.  Lincoln  Lalairatory 

ATTN:  James  II.  Panncll,  L-240 
A'l'TN;  W.  E.  Morrow 

Maxwell  Lahoralorlcs,  li:c. 

ATTN;  Victor  FaiKo 

McDonnell  lloualas  Corporation 
A'lTN;  A.  1).  tkiodcki' 

ATTN;  O.  K.  Moe 
ATTN;  W.  Olsen 

L'nlvcrsllv  of  Minnesota 
ATTN;  J.  H.  Winkler 

Mission  IIi-Huarch  Cor|s)r:ition 
AT'I  N ; Dave  Sowlc 
ATTN:  Conrad  L.  Liaitmlro 
ATTN;  II.  SapiJonfl  iUI 
ATTN;  II.  Archer 
ATTN:  D.  Ilullancl 
ATTN:  M.  Schelhe 
AT'l'N:  It  lloKUSeh 
ATTN:  P.  I lschoi 
ATTN:  II.  Hendrick 


The  Mitre  Conioratlon 
A'lTN;  H.  Troutman 
ATTN;  It.  Greelov 
ATTN;  P.  Grant 
ATTN:  Library 

Mount  Auburn  Hesuarch  Associates 
A'l'TN;  Sheldon  Kabalcs 

National  Academy  of  Sciences 
ATTN;  Edward  P.  Ilvor 
A fTN:  William  C.  Hartley 
ATTN;  John  II.  Sieve rs 

Pennsylvania  State  University 

Industrial  Security  Office 
ATTN;  J.  S.  Nesbot 
ATI'N:  it.  Simonlates 
A'lTN:  L.  Hale 

Photoinclrict;,  Inc. 

A'l'TN;  IrvlnR  L Kofsky 

Physical  Dynamics,  Inc. 

ATTN;  K.  Watson 
ATTN;  Joseph  Workman 
ATTN;  A.  Thompson 

Physical  Sc'enccs,  bic. 

ATTN;  H.  L.  Tevlo;' 

ATTN:  K.  Wray 

L'nivurslly  of  Pltlsburnh  of  the 

Commoawoaltli  Syslems  of  IltRlier  Education 
A'l'TN:  Frederick  Kaufman 
A'l'  i'N:  M.  Hlomll 

II  & II  Associates 

ATTN:  William  J.  Karzas 
A TTN:  lloberl  E.  Lolcvlor 
ATTN:  William  H.  Gniham,  Jr. 

ATTN:  I'oresl  Gilmore 
AITN:  It,  P.  Turco 
ATTN:  II.  A.  Dry 
Al  TN:  It.  G.  Llnduren 
A'l'TN:  A.  Lotters 

It  ii  I)  Associates 

A’l'i'N:  J.  ItosonRicn 
A’l'i’N:  II.  Laltor 
ATTN:  II,  Mitchell 

The  Hand  Coiyioratlon 
ATI’N:  Cullen  Crain 
A’l'TN;  Technical  Library 
AT  TN;  Paul  Tamarkln 

Pice  University 

Department  ol  Space  .iclence 

ATTN;  llonald  F.  StubbinRS 
A TTN  Joseph  Chamberlain 
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OEPAin  MENT  OF  DEFENSE  CONTHACTOHS  (Continued) 

Hoekwoll  Inleniatlonnl  Cor|x)i'aUon 
Space  Division 

ATTN:  William  Atwell 

Sanders  Assoclntes,  Inc. 

ATTN;  Jack  Schwaiti 
ATTN:  Edwaril  A.  Colson 

Science  Applications,  Inc. 


ATTN 
ATTN 
AT  ni 


Hobert  W.  lowon 
Daniel  A.  Hamlin 
David  Sachs 


.“!un  DicKo  St.'-tc  Unlvcrsily  I'oundatlun 
ATTN:  F A.  Wolf 

SmlthHonlnn  Astrophyslcal  Observatory 
ATTN:  A.  Dalgarno 

Space  Data  Corporation 

ATTN;  Edward  F.  Allon 

Stanford  Hesunreh  Inslitutc 

ATTN;  Hay  1..  Loadnbrand 
ATTN.  M.  Huron 
ATTN-  Allon  M.  Poierson 
ATTN:  ai.'ieu  P.  ®oterson 
ATTN:  E.  .\lndirmann 
A''TN:  Foll.r  I'.  Smith 
ATTN:  Walter  (j.  Chesnut 
ATTN:  John  conuix 

Stanfoid  Cniveroity 

ATTN:  D.  E.  Carpenter 
ATTN;  It.  A.  HoUlwoU 


DEPAHTMENT  OF  DEFENSE  CONTHACTOHS  (Continued) 

Technology  Intematlonal  Coiporatlon 
ATTN:  W.  P.  Hoqulst 

THW  Systems  Group 

ATTN:  J.  M.  Sellen,  )r. 

ATTN:  Denjnmin  Sussholtr. 

ATTN:  J.  H.  McDou({all 

ATTN:  Tochnlc.ll  Information  Center,  S-19J0 

ATTN:  H.  Watson 

AITN:  F.  Scarf 

ATTN:  J.  F.  Frlchtenlcht 

Dnitud  Aircral't  t’orporatlon 

Ucsearch  l.aboratorlus 
AITN;  H.  Mlchols 
ATTN:  Hobert  Uullls 

ftuli  State  L'nlverslty 
ATTN;  D.  Hurt 
.VITN;  Kay  Hnkor 
ATTN:  I).  Bakor 
AITN;  C.  Wyatt 

Vlsidyme,  Inc. 

ATTN;  Oscar  Monloy 
ATTN:  J.  W,  Carpenter 

Wayne  State  University 
ATTN;  H.  Kummlur 
ATTN:  P.  K.  Hoi 
ATTN;  W.  E.  Kuuppiln 

Yale  University 

ATTN:  U.  J.  Schnlti 
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